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The area of the proposed Straight Creek Tunnel is located
about 11 miles west of Georgetown, Colorado, near the western
margin of the Front Range. "The thesis area covers approximately
six square miles of mountainous terrain ranging in elevation from
10,900 ft to 13,010 ft above sea level. The bedrock of the area
consists mainly of Precaipbrian metamorphic and granitic rocks.
The Precambrian metamorphic rocks make up about 25 percent
(by volume) of the bedrock and generally consist of relatively
high-grade quartzo-feldspathic, biotite-rich schists and gneisses
of the Idaho Springs Formation. Metamorphic foliations are
related to an older Precapbrian fold system ("bQ**) with axes
that trend and plunge gently N. 26° E.
The Precambrian granitic rocks belong to the Silver Plume
Granite and vary from granite to quartz monzonite. Most
of the granitic rocks have undergone various degrees of
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fracturing and alteration and locally are cataclastic and
mylonitic.
Acidic pegmatites intrude and cross-cut foliations of
the metamorphic and granitic rocks. These dike-like bodies
were intruded into both primary igneous joints in the granite
and into tectonic joints in the metamorphic rocks, indicating
a probable synorogenic nature of the granite.
The youngest petrologic unit (Cretaceous-Tertiary) in
the area is a series of hydrothermally altered magnetite-
bearing gabbro dikes along the Continental Divide. They are
believed to be related to early porphyries associated with
the "Laramide" orogeny.
Covering most of these rocks to variable degrees are
the unconsolidated deposits of Quaternary age. They consist
of landslides, talus, protalus ramparts, and ground moraine.
A significant amount of talus material overlying the west
portal area will be of some concern in driving the tunnel.
After construction, snowslides and rockfalls of loose talys





The major problems to be encountered in constructing the
tunnel are directly related to the intensity and attitude of
fractures and the degrees of hydrothermal alteration of bed
rock within and adjacent to the many faults and shear zones
that cross-cut the bedrock. No major zones of fracturing strike
parallel to the proposed tunnel alignment. Most of such frac
tured zones, i.e., shear zones and associated faults, are
steeply dipping or vertical, but accurate projection of these
structures to tunnel grade is extremely difficult.
The joints within the area, and perhaps within the
Precambrian rocks of the central Front Range, are genetically
related to older and younger Precambrian deformations whose
fold axes are referred to as the "b^" (N. 30° E.) and "by"
(N. 55° E.) lineations, respectively. Favorably oriented
joints were subsequently rejuvenated to various degrees
during the "Laramide" orogeny. The diagonal joint set of the
"bo" system is a major set rejuvenated as cross-joints of the
"Laramide" uplift (N. 15° W.) of the Front Range. This set
strikes approximately parallel to the orientation of the
proposed tunnel (N. 88° E.) and as projected to tunnel grade
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is expected to cause some construction problems, i.e.,
overbreak and excessive rock loads on tunnel supports.
The granitic rocks exhibit more alteration than the
metamorphic rocks. This alteration is directly related to
the degree of cataclasis, which in turn is controlled by
proximity to faults and shear zones. The greater the
brecciation and alteration, the greater the tendency toward
caving and toward increased loads on tunnel supports.
Based on the experience of engineers and geologists
involved in constructing the Moffat and Roberts Tunnels,
ground water is also a major problem in tunnel excavation in
the central Front Range. Ground water is expected to be a
problem in the construction of the proposed tunnel, especially
in the zones of fracturing and alteration. Because of the
erratic and generally impermeable characteristics of igneous
and metamorphic rocks, accurate prediction of possible ground-
water problems is extremely difficult.
In addition to the above problems, the major engineering
problems related to geologic conditions are overbreak, rock
loads, and subsurface pressure distribution. The amount of
overbreak is difficult to predict, but it should be more
vi
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pronounced in the zones of fracturing and alteration. The
proposed tunnel alignment Is satisfactorily situated with
respect to geologic conditions; however, the proposed design
of the tunnel structure could be changed to a vertically-
oriented ellipse In order to reduce the Intensity of tangential
stresses and eliminate stress concentrations, both of which
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The primary purpose of this thesis is to investigate
the geology of the proposed Straight Creek Tunnel area. -
Particular attention is paid to the following:
1. the identification and distribution of the
major lithologic units, as shown on plate 1;
2. the determination and interpretation of the
major structural conditions; and
3. the projection of these features to the
grade of the tunnel.
In the past, some of the engineering structures
dependent on geologic conditions have not received the
proper preliminary geologic investigations. Frequently,
the reason has been the engineers' lack of appreciation of
the influence of geological factors upon the design of the
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structures. In others, the geologic conditions were too
complex to interpret without detailed investigations, and
because of the lack of time and/or finances information for
reliable projection of the geology to appropriate depths
was not available.
The importance of the proper correlation between the
fields of geology and engineering cannot be overemphasized
when planning underground excavations. According to Reeves
(1958, p. 2),
The geologist-engineer relationship in
tunnel design and construction is closer than
in most any other field of engineering design
because the problems of the tunnel engineer
are largely associated with the rock, soil,
and ground water, which comprise the geologist's
special field of professional activity. ...
The engineer has the responsibility for the
decision as to the kind of structure and how
it is to be built. The geologist has the
responsibility for interpreting the geologic
conditions to which the structure must be
adapted.
Unfortunately, many facets of geology are not sufficiently
advanced to be quantitative, and a direct correlation
between geologic variables and formulas of engineering
design is often speculative and inexact. The reports
prepared by geologists relative tp engineering projects
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are often vague and unsuitable for analysis by engineers
because of the geologists' incompetence in understanding
the engineers' demands.
This thesis is prepared by a civil engineer who is
interested in understanding the science of geology espe
cially as it applies to designing and constructing realistic
and economic engineering structures. One of the main
purposes for undertaking this study is to apply academic
knowledge of geology to a proposed engineering project.
Location and Accessibility
The proposed Straight Creek Tunnel site is in the
Precambrian terrain of the Front Range in central Colorado,
as shown in figure 1. It is about 11 miles west of the
town of Georgetown and seven miles northeast of the town
of Dillon. The area lies within Summit and Clear Creek
Counties where the Continental Divide is the common
boundary.
The area is in a region which presently lacks detailed
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range and township. It lies approximately between longi
tudes 105°54' and 105°56'30" West and latitudes 39°39'45"
and 39°41'45" North. This area includes approximately six
square miles of rugged mountainous terrain most of which is
above elevation 11,200 ft.
The Loveland Ski Area, along the eastern margin, can
easily be reached by passenger car from Denver via U. S.
Highway 6, as shown in figure 1. The distance each way is
48 miles.
The ski area is accessible all year round, but the
thesis area can be traversed by wheeled vehicles only
during July, August, September, and possibly October.
During this period, a 4-wheel-drive vehicle is the most
reliable means of transportation over the narrow, single-
lane, dirt "jeep" roads. One of these extends from the
ski area over the Continental Divide into Straight Creek
valley. This road can be observed on the aerial photo
graphs outlined in figure 2 and is partially shown in
figures 6 and 7. The road continues westward down the
valley to Dillon, but in some places is nearly impassable
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Figure 5 - Looking west
portion of thesis area,
outlined area.)
toward Continental Divide at eastern




Figure 6 - Enlargement of photograph of the area surrounding
the ease portal and above the proposed tunnel line. (Area
as outlined in fig. 5.)
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- West Portal Area~~~~~~~~1h~~-:~~~~~~~~,,~JIElevation 11200 ft
Figure 7 - The topography west of the Continental Divide
including the west portal area, looking southwest from the
Dbiide.
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transportation of drilling equipment in 1955 and was improved
in 1962. Other roads located in the vicinity of the ski lifts
were constructed to provide accessibility for vehicles used in
constructing and maintaining the ski lifts. Because of the
amount of clay present in the road base, the most useful
vehicle during damp weather or spring run-off is a 4-wheel-
drive vehicle; but a 4-speed vehicle with heavy-duty tires
can climb the roads under dry conditions. From late October
through June, the area is inaccessible by wheeled vehicles
because of excessive snow cover.
Climate and Vegetation
The climate of the area is semi-arid. According to
climatological data of Colorado supplied by the U. S, Depart
ment of Commerce, total annual precipitation from 1958 to 1962
has varied from 11.48 in. to 22.46 in. at Georgetown (elevation
8570 ft) and from 14.34 in. to 21.16 in. at Dillon (elevation
8858 ft). Generally more than half of the precipitation falls
between April and August. The thesis area, being between
elevations 10,900 ft and 13,010 ft, probably receives more
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precipitation than does either Georgetown or Dillon. Heavy
snows occur during the winter, generally from early December
to early April. During the summer, afternoon thunderstorms
are frequent and snowstorms are infrequent.
The average annual temperatures at Georgetown and Dillon
are 43°F and 35°F, respectively. The warmest months are July
and August; the coldest months are December and January.
During 1958 to 1962, the highest recorded temperature at
Georgetown and Dillon was 88°F and the lowest recorded
temperatures were -26°F at Georgetown and -44°F at Dillon,
The temperatures in the thesis area are commonly ten degrees
below those of Georgetown.
Most of the thesis area is above timberline. Generally,
timberline is at an elevation of 11,600 ft east of the
Continental Divide and at 11,200 ft west of the Divide. The
forest cover consists of evergreen coniferous trees, mainly
Englemann spruce and Ponderosa pine. The vegetation above
timberline is of the sub-alpine zone, consisting of wild
grasses, sedges, and shrub willows. The latter two usually
occur close to springs and streams.
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Streams and Drainage
The main streams draining the area are the headwaters of
Clear Creek and of Straight Creek. Clear Creek flows eastward
to join the South Platte River In Denver, and Straight Creek
drains westward to join the Blue River near Dillon.
Previous Geological Work In the Area
The original geological mapping of the area was done by
Loverlng In 1935. His Interpretation Is shown on the map of
the Montezuma quadrangle, to the south. Earlier geologic work
has been published on areas to the east, but this work dealt
mainly with the ore deposits of the Front Range Mineral Belt.
In 1948, Vanderwllt and Jerome submitted a report on the
geologic conditions of the pioneer tunnel bore of the then
proposed Loveland Pass Tunnel (Colorado Department of Highways,
project number A.E.-S.N.-F.A.P. 233-H(2)] . The pioneer bore
under Loveland Pass Is one mile southeast of the thesis area.
Loverlng and Goddard (1950) presented a lengthy paper on
the geology and ore deposits of the Front Range of Colorado;
In It they reviewed the major geologic features of the thesis
area.
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In 1955, Carpenter submitted a geologic report to
Mark Watrous, the Chief Engineer of the Colorado Department
of Highways, entitled "Geologic Analyses of the Straight Creek
and Vasquez Tunnel Sites (in) Clear Creek County, Colorado."
The recent and detailed geologic investigations of the
proposed Straight Creek Tunnel site were published in December
1962 as an open file report of the U. S. Geological Survey,
by Robinson and Lee. This report was prepared for, and with
the cooperation of, the Colorado Depart;ment of Highways in an
attempt to apply geologic research in predicting underground
construction problems. Figures 3 and 4 (in the pocket) were
generously given to the author by Robinson and Lee to supple
ment the data presented in this thesis.
Method of Investigation
The surface geologic mapping was initially plotted on
U. S. Forest Service aerial photographic enlargements, which
had a scale of about 1:6000. The original photographs (1958)
are of approximate scale of 1:20,000 and, as shown on figure 2,
are numbered DZZ-3-22 to DZZ-3-25; DZZ-17-254 to DZZ-17-256;
and DZZ-20-6 to DZZ-20-9. Aerial photographs were also
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purchased from Continental Engineers Inc., of Denver, Colorado.
These were taken in September of 1961 and are of an approxi
mate scale of 1:6000. These are numbered CE 411 2-1 to 2-9.
Geologic data were transferred daily from the enlarged
photographs to a base map which has been enlarged to the
scale 1:4800 from the 7.5 minute Loveland Pass Quadrangle
(1958) of a scale 1:24,000. The base map was not originally
intended to be accurate for the scale of 1:4800; many topo
graphic features in the thesis ar^a are not shown on the map.
The most obvious inaccuracy of the map is the position of the
contour lines relative to the access road west of the
Continental Divide. On the map, the road is shown to have a
rather uniform gradient, but in reality it does not. In the
area adjacent to the road, the geology is plotted relative to
the road and not according to resection. In the rest of the
mapped area, plots of the geologic features are plotted
according to the topographic expression shown on the map and
adjusted by Brunton compass resection.
All surface mapping was accomplished during July, August,
and September, 1962.
All laboratory work was performed in the Department of
Geological Engineering of the Colorado School of Mines.
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GEOLOGY OF THE MOFFAT AND ROBERTS TUNNELS
One of the most important facets of any tunnel project is
a complete understanding of the geologic conditions existing
at the proposed tunnel site. At this point in the thesis, it
seems appropriate to review the geologic conditions encountered
in the two tunnels already constructed in the Precambrian rocks
of the Front Range, namely the Moffat and Roberts Tunnels.
The location of these engineering structures is shown in
figure 1.
Moffat Tunnel
One of the best known examples of the lack of prior
detailed geologic investigations for an underground excavation
is that of the Moffat Tunnel. The geologist in charge made a
hasty examination of the tunnel site and stated that the
14
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schist at the west end ". . . might not be troublesome; the
other rocks looked firm and strong." (Finch, ̂  Levering,
1928, p. 346) According to Levering (1928, p. 338), the
preliminary estimate on the cost of the tunnel was $5,250,000
based on the presumed existence of solid rock. The actual
cost was approximately $21,000,000 because of the extreme
difficulties encountered in driving the tunnel through the
Ranch Creek fault zone and through the relatively incompetent
schist.
The six-mile long tunnel is in Precambrian rocks
consisting of injection gneiss, pegmatite, quartz monzonite,
granite, and quartz-sillimanite schist. The general geologic
structure is simple, but in detail it is exceedingly complex
(Lovering, 1928, p. 339). The Ranch Creek fault zone is an
extension of the Berthoud Pass fault zone, which will be
discussed later (p. 96), and separates the quartz-sillimanite
schist on the west from the quartz monzonite and injection
gneiss on the east.
In addition to the Ranch Creek fault there
are many subordinate fracture planes having
gouge seams 1 to 12 in. thick. They are more
frequent in the schist area than in the eastern
part of the tunnel. They are not evenly spaced
but the average distance between them is 500 ft
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on the western side of the Ranch Creek fault
and 1000 ft on the eastern side. Nearly all
the fracturing of the quartz monzonite and
injection gneiss occurs along cross-breaking
faults, but in the schist there has been a
large amount of movement along bedding planes
as well. (Lovering, 1928, p. 339)
The major fault zone, 200 ft wide, consists of highly
altered blocks of the above mentioned schist, quartz monzonite,
and gneiss ". . . intermixed in a network of thick gouge seams"
(Lovering, 1928, p. 339).
To illustrate the irregular faulting in this
formation, it was observed that the conditions
at opposite points in the two tunnels (railroad
and water diversion) only 75 ft distant were
invariably quite different. (Keays, 1928, p. 68)
The rock in the major fault zone was nonwater-bearing;
however, in the eastern portion of the tunnel one ". . . narrow
fissured zone dipping 45°E. yielded 1800 gpm . . ." when first
encountered and was directly connected to Crater Lake which
was 1400 ft above the tunnel grade (Lovering, 1928, p. 339).
The inherent weakness of the schist has been
accentuated by crumpling and differential
movement in the softer layers and substantial
support is needed when passing through this
type of rock. (Lovering, 1928, p. 340)
Strong timbering was also required to support the gouge seams
that were associated with the faults of the area.
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Lovering was called to make a geological study of the
Moffat Tunnel after completion to determine the reasons for
the unexpected increase in construction costs. The main
conclusion was that insufficient geologic investigations were
made of the area; and it was upon these investigations that
initial construction costs were based. Lovering noted that
the major fault zone was not conspicuous on the topographic
s^^fece, but the troublesome fault and gouge seams in the
schists encountered in the tunnel were exposed on the surface.
Roberts Tunnel
More recently, a geologic study was made along the
Roberts Tunnel alignment from Dillon to Montezuma to
Grant, Colorado, (see fig. 1). Because of widespread
Pleistocene and Recent alluvial and colluvial deposits that
cover the bedrock, only a small percentage of the major faults
and shear zones could be mapped on the topographic surface.
However, statistical plots of the trends of the joints and
faults that were mapped agree well with similar plots made
from the mapping of the tunnel (Robinson and Lee, 1962, p. 16;
and Wahlstrom and Hornback, 1962, p. 1479).
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The Roberts Tunnel is a 23.3-mile-long water-diversion
tunnel, to bring water from the Blue River on the western side
of the Continental Divide to the Platte River on the eastern
side. For the purposes of engineering classificatipn the
tunnel passed through five types of geologic conditions (from
west portal to east portal); 1. a section of Mesozoic sedi
mentary rocks from the west portal to the Williams Range thrust
plate, 2, the Williams Range thrust plate consisting of altered
Precambrian rock, 3. the metamorphosed Mesozoic shale between
the Williams Range thrust fault and the Montezuma stock, 4. the
Montezuma quartz monzonite stock, and 5. the Precambrian rocks
between the Montezuma stock and the east portal (Wahlstrom,
Warner, and Robinson, 1961, p. 303).
The geologic factors in the Precambrian rocks of the
Roberts Tunnel that influenced the pse of supports were the
foliation or layering in the rock, spelling and popping rock,
faults and joints, and squeezing and swelling rock, which are
abstracted as follows (Wahlstrom, Warner, and Robinson, 1961,
p. 305-306):
1. foliation or layering
The stratification of the metasedimentary rock
east of the Williams Range thrust was largely
obliterated (by metamorphism) and therefore
little support was needed.
T 982
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The layering in the schist and gneiss between
the Montezuma stock and the east portal is commonly
contorted, . . . Where the layering dips steeply,
few or no supports were required, but where the
layering is flat, supports were required, usually
on 5- or 6-foot centers. The schist and gneiss in
the Williams Range thrust plate were silicified so
layering in these rocks was not a factor in the
need for support.
2. spelling and popping rock
The spelling or popping rock generally was
fresh, brittle, competent rock, such as granite or
quartz monzonite, or unaltered schist or gneiss in
flat (no dip) layers. Some of the popping and
spelling sections were between less competent rock,
or were bounded by faulted or fractured rock masses.
3. faults and joints
The faults causing the most difficulty in the
tunneling operation were flat lying, contained
considerable thicknesses of wet gouge, or were
accompanied by hydrothermally altered zones.
Especially bad tunneling conditions prevailed
where these conditions combined. Closely spaced
joints, or closely spaced faults and joints,
generally produced blocks that required support.
Joints, particularly in the Montezuma stock,
also localized hydrothermal alteration, which
produced incompetent rock.
4. squeezing and swelling rock
Squeezing and swelling rock, which generally
occurs in areas of extensive faulting and frac
turing, caused considerable difficulty in several
sections of the tunnel. Many faults, such as the
William Range thrust, contain gouge that, where
saturated with water, created heavy loads on the
tunnel supports. Some of the faults . . . were
channelways for montmorillonite alteration, which
resulted in slow swelling of the rock on exposure
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to moisture. This swelling tendency required
installation of considerable additional support
and realinement of tunnel supports in several
sections of the tunnel behind the headings.
The Precambrian rocks overlying the Williams Range thrust
plate, between stations 180+-00 and 291+60, have been discussed
in greater detail by Wahlstrom and Hornback (1962, p. 1483-
1486). These rocks consist dominantly of aplite, aplitic
gneiss, biotite gneiss, quartzite, hornblende gneiss, and
pegmatite. The small igneous bodies have gradational contacts
and are conformable with the foliation of the gneissoid rocks.
This foliation generally strikes north to northwest and dips
about 40° east to northeast, but in some places it is disturbed
by numerous small folds and in other places is obliterated by
extensive fracturing and alteration. Within the 11,160-foot
interval, 1037 faults were mapped at an average spacing of
10.76 ft along the tunnel line.
Some faults are tight shears with slight dis
placement, but others are wide zones of breccia
containing innumerable small-slip surfaces,
gouge, and hydrothermally altered argillic and
chlorite masses (Wahlstrom and Hornback, 1962,
p. 1484).
Most of the faults strike northerly and dip 60° or more to the
east. The significant amount of water encountered in feeler
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holes drilled in advance of the heading of the tunnel indicated
the intensity of fracturing in the rock.
Ground-water flows were encountered in sufficient
quantities to require efforts to seal them off
with cement grout for 74.2 percent of the interval
between ISOf-OO and 29H-60. Flows of more than
200 gallons per minute from water-bearing
fissures tested by drill holes were common and
indicate widespread development of closely-spaced,
interconnecting fractures. (Wahlstrom and
Hornback, 1962, p. 1485)
Summary
From the investigations made in these tunnels, detailed
geologic study obviously is important prior to tunnel construc
tion in order to make realistic estimates of construction costs
and of conditions controlling engineering design.
As stated in the previous discussions, geologic conditions
at tunnel grade are almost impossible to predict. These include
the extent and attitude of fractured zones, the existence of
subsurface faults and sheared zones not expressed at the
topographic surface, the amount of squeezing and swelling
rock associated with the fractured zones, and the quantities
of ground water to be encountered during construction.
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Since statistical analysis of the structural trends and
intensities was beneficial and valid in the Roberts Tunnel,
it is the main approach used here in an attempt to predict the
structural conditions at the tunnel grade. However, as stated
by Robinson and Lee (1962, p. 14),
It has been found from experience that individual
geologic features as observed in surface mapping
and drilling can be projected accurately to a
tunnel level with only little hope of success.
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GEOLOGY OF THE PROPOSED STRAIGHT CREEK TUNNEL
Historical Geology
The existence of the types of bedrock, degrees of
structural conditions, and topographic relief are related to
the action of geologic processes with geologic time.
The bedrock in the thesis area consists predominantly of
Precambrian Silver Flume Granite with inclusions of metamorphic
rocks of the Idaho Springs Formation. Both of these units were
originally defined by Ball, (1906), in his review of the
Georgetown quadrangle. The type locality for these rock units
is Silver Plume, Colorado, and Idaho Springs, Colorado, which
are nine and 22 miles, respectively, east of the thesis area
(see fig. 1).
According to Griffin and Kulp (1960, p. 220), "The
youngest metamorphic-igneous event in the Colorado basement
23
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appears to have occurred at about 1000 m.y. ago." This event
is represented near Loveland Pass with a potassium-argon age
date on the separated mica in a biotite gneiss. A sample of
Silver Plume Granite, near the type locality, gave an isotopic
age of 1220 m.y. (Griffin and Kulp, 1960, p. 220). "These ages
represent the time of the last metamorphic or igneous event in
the area, . . ." (Griffin and Kulp, 1960, p. 219-220). Based
on the relative age dating of the igneous activity of the
Precambrian rocks of the Canadian Shield, the last metamorphic
or igneous event in the thesis area is probably correlative
with that of part of the Grenville Province which has radio-
metric determinations of 800 to 1100 m.y.
There are no sedimentary rocks within the thesis area.
It was probably a structural high during the early Paleozoic
periods and was possibly covered by the Mississippian seas in
which sediments were deposited. The area was apparently
uplifted again in the Pennsylvanian Period into a northwest-
trending highland, known as the Front Range highland (Malloy^,;
1960, p. 23-32)(also known as the Ancestral Rockies). This
uplifted area probably served as the source of the clastic,
nonmarine material now found in the Pennsylvanian formations
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adjacent to the Front Range. Nonmarine deposition continued in
adjoining basins from the late Paleozoic periods on into the
middle Mesozoic periods, while the relief of the Precambrian
area gradually diminished.
From late Jurassic time to late Cretaceous time, the thesis
area was submerged beneath midcontinent seas. More than 12,000
ft of marine clastic sediments were deposited. Withdrawal of
the seas and the end of the Cretaceous marine sedimentation are
related to the initial pulses of the "Laramide" orogeny.
(Quotes are placed on "laramide" since stratigraphic evidence
reveals that this orogenic activity occurred at different
geographic localities at different geologic times with varying
degrees of intensity.)
This orogeny caused the anticlinal uplift of the Front
Range in late Cretaceous time, as evidenced by the Upper
Cretaceous and lowermost Tertiary nonmarine, coarse-clastic
deposits on the flanks of the uplifted mountains. The uplift
associated with the "Laramide" orogeny was accompanied by
extensive faulting and shearing within the mountains, such as
is exhibited in the thesis area. The faults and shear zones
are the main sources of problems that will be encountered in
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the construction of the tunnel, such as were encountered in the
Moffat and Roberts Tunnels. Associated with the deep-seated
faulting and shearing was the injection of igneous material
into weakness planes^ exhibited in the Mineral Belt in general
and, within the thesis area, in the form of diabase dikes.
The exact age of the intrusives is uncertain, and they are
therefore dated as late Cretaceous-early Tertiary.
The late Paleozoic and Mesozoic formations were probably
completely eroded off the Precambrian rocks of the Front Range
by the end of the Paleocene Epoch. According to Van Tuyl and
Lovering (1935), in early Eocene, cyclic erosional forces began
to form erosion surfaces. A remnant of the earliest and highest
erosion surface, the Flattop "peneplain," is just southwest of
the thesis area, as shown in figure 8. Throughout the remaining
epochs of the Tertiary Period, erosion cycles continued to
produce erosion surfaces in the Front Range. The remnants of
these younger and lower surfaces within the thesis area are
also shown in figure 8; a photograph of a major remnant of one
of these is shown in figure 9.
Most of the topography in the thesis area was shaped in
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Figure 8-Geomorphic features of the Proposed Straight Creek Tunnel area
From Levering, 1935, plate 9 ro
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Figure 9 - Looking south across Clear Creek valley, within
thesis area, toward an erosion surface remnant. (Linear
scarred areas are ski runs.)
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Epoch. The dominant agent of erosion during this epoch was
glaclatlon. The headwater areas of Clear Creek and Straight
Creek have distinctly U-shaped valleys, as Illustrated In
figures 10 and 11. In addition to these U-shaped throughs,
the existence of glaclatlon Is evidenced by 1. the roche
moutonn^es within the cirque areas, 2. the e3?lstence of strla-
tlons and glacial polish, and 3. the presence of ground moraine
near the Loveland Ski Area. The ground moraine Is variable In
thickness. The maximum thickness cut during excavation for the
east portal approach road Is well over 20 ft. The material
grading from sand and silt In lenses to rounded boulders of
two ft In diameter Is excellent for embankment fill and may
also be used for concrete aggregate If properly processed.
The relatively flat topography of the erosion surfaces
covered the thesis area and, subsequently, were dissected by
streams and Quaternary glaciers. The first glaciers to occupy
the area were of' the piedmont type (Intermediate between valley
glaciers and continental Ice sheets). They were probably of
pre-Wlsconsln age, correlative with the Buffalo stade of
Blackwelder (1915) and/or the pre-Bull Lake stade of Richmond











































































































































































































































correlative with the Bull Lake stades of Blackwelder (1915)
and Richmond (1960). Exact dating of the glaciations within
the thesis area is very difficult, as remnants of moraines are
absent. The alpine-type glaciers of Pinedale age followed the
Bull Lake stades and were the most effective in forming the
glaciated valleys of the area, not more than 10,000 years ago.
The stades of the Pinedale glaciation were followed by the
stades of Neoglaelation, about four to five thousand years
ago. The effect of the Neoglaciation stades was only to modify
the features of the headwall cirques and was not as pronounced
as in the cirques of Rocky Mountain National Park as mapped by
Richmond, 1960. Perhaps the protalus ramparts within some of
the headwall areas of the thesis area are correlative with the
glacial features of Neoglaciation stades.
Since the last glaciation, the topography has been
modified by mass wasting, i.e., formation of landslides, talus
deposits, and possibly the protalus ramparts. There appear to
be two types of talus. One has become stabilized and supports
vegetation; the other is very unstable and has no vegetation.
Both exist near the west portal and will afford extremely
difficult conditions for tunnel driving. If the west portal
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is located as shown in figure 12, there will also be continual
maintenance problems with snowslides and loose talus moving
down onto the approach road and the west portal area. The
talus particles are angular and range in size from coarse
gravel to about five by five by three feet.
In summary, the proposed Straight Creek Tunnel is located
in an area which has undergone many geologic processes through
the span of geologic time. In Precambrian time, the rocks
were deformed and metamorphosed about 1000 million years ago.
Then followed a long period of quiescence into the Pennsylvanian
Period (about 300 million years ago), when the Front Range area
was probably uplifted. From the Pennsylvanian Period until
late Cretaceous time (about 70 million years ago), the Front
Range area was worn down by the processes of weathering and
erosion, and finally submerged beneath the midcontinent seas
of the Mesozoic Era. The area was uplifted again by the
"Laramide" orogeny causing extensive fracturing and faulting
accompanied by the intrusion of igneous material. The exist
ence, extent, and attitudes of these zones of fracturing will
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During the Tertiary Period cyclic erosional forces formed
erosion surfaces within the Front Range. Most of the topography
within the thesis area along with the Front Range was shaped by
the glaciations of the Quaternary Period. Unconsolidated mate
rial has partially modified the topography since the glaciations
in the form of landslides, talus deposits, and protalus ramparts.
A significant amount of talus material overlies the west portal
area and will be of some concern in driving the tunnel. After
construction, snowslides and rockfalls of loose talus will be
a continual maintenance problem at the portal areas.
Petrology and Petrography
The feasibility of any engineering project in bedrock
depends on the mineralogical composition, fabric, and
structural features of the bedrock. As shown on plate 1,
the bedrock of the tunnel site has been subdivided into
"predominantly granite" and "predominantly metamorphic" rock
units. These units are correlative with the Silver Plume
Granite and the Idaho Springs Formation, respectively, as
defined by Ball (1906), napped by Levering (1935), and mapped
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by Levering and Goddard (1950). Detailed analysis of the
Precambrlan sequence, as published by Wahlstrom and Kim (1959)
In the Hall Valley area to the south, Is beyond the scope of
bhis thesis. It Is felt that the engineering problems In
constructing this tunnel will be more directly related to the
complex structural conditions than the compositional and
textural variations within the granite and metamorphlc units.
Petrographlc examination of thin sections of rock
specimens from the tunnel area provided an accurate means of
describing and classifying the rock types. The rock classi
fication used by the author was that of Williams, Turner, and
Gilbert (1958). The rock specimens were selected from outcrops
adjacent to and along the proposed tunnel line, along the head
water area of Clear Creek, and from various depths of drill
holes 2 and 3 (1962). The purpose of the examination was to
determine possible systematic variations of mineralogy, fabric,
texture, alteration, and fracturing along the tunnel line and
toward tunnel grade. This was a major tool In the attempt to
accurately predict geologic conditions at depth. However, no
systematic variations were observed and the resultant studies
consisted of detailed examination of the drill-hole specimens
and limited examination of the surface specimens.
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Metamorphic Rocks
The "predominantly metamorphic" rock unit is almost
entirely composed of the Idaho Springs Formation. As originally
defined by Ball (1906, p. 374 and 376),
The name . . . is applied to a series of
interbedded, metamorphic, crystalline, rocks
presumably of sedimentary origin, . . . (and)
may be regarded as an intensely metamorphosed
series of shales, arkoses, sandstones, con
glomerates, and impure limestones.
In 1935, Lovering modified this definition by proposing the term
"Swandyke Hornblende Gneiss" for a series of gneisses and quartzo-
feldspathic rocks exposed in Summit County, near the "ghost town"
of Swandyke, Colorado. While mapping, this author came across
only a few small xenoliths which could be identified as the
Swandyke Hornblende Gneiss. The work of Boos and Boos (1957,
p. 2609-2613) and Wahlstrom and Kim (1959, p. 1217-1244) shows
Ball's interpretation of the sedimentary origin of the meta
morphic rocks to be generally correct.
As illustrated in plate 1 and in figures 3 and 4, the
metamorphic units range in size from less than a foot to hundreds
of feet in maximum dimension. They make up about 25 percent
(by volume) of the bedrock and consist of quartzo-feldspathic.
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biotite-rich schists and gneisses that exhibit a distinct
foliation caused by the concentration of platy minerals, biotite,
often alternating with concentrations of semi-equigranular
mineraIs, quartz and feldspar. Foliation in this thesis means,
"Ihe laminated structure resulting from segregation of different
minerals . . . [caused b^ . . . the parallel arrangement of platy
and ellipsoidal mineral grains" (Amer. Geol. Inst., 1960, p. 114
and 256).
In addition to the above minerals, the metamorphic rocks
contain different amounts of sillimanite and garnet, indicating
that they belong to the sillinmnite-almandine subfacies of the
amphibolite fades (Williams, Turner, and Gilbert, 1958, p. 172).
According to Williams, Turner, and Gilbert (1958, p. 172) and
Turner and Verhoogen (1960, p. 489 and 553), this facies
originates under relatively high-temperature and pressure
conditions, such as those probably associated with the regional
metamorphism of the Rocky Mountain region as a whole in Pre-
cambrian time. Thin-section study of the metamorphic rocks
indicates that they are less altered and fractured than the
granites. The greatest degree of alteration was noticed in
specimen PRC 16-47, where most of the plagioclase feldspar
T 982 38
was altered to sericlte probably during late stage hydrothermal
action. The importance of this is emphasized later (see p. 45-46).
Modal analyses of representative metamorphic rocks by
petrographic examination are summarized in table 1, with the
resulting rock name.
Figure 13 is a photomicrograph of a gneissic rock illus
trating the texture and mineral relationships typical of the
metamorphic rocks in the thesis area.
The contacts between the older metamorphic rocks are
generally sharp, as illustrated in figure 14. Pegmatites cross
cut these rocks; and where the pegmatitle material has intruded
these rocks parallel to the foliation, they are lit-par-lit.
An example of a discordant relationship between the metamorphic
rocks and pegmatites is shown in figure 15.
Igneous Rocks
Granite
The "predominantly granite" unit has been mapped by
Lovering (1935) and Lovering and Goddard (1950) as Silver Plume
Granite. As stated by Lovering and Goddard (1950, p. 28),
Most of the Silver Plume granite is a pinkish
gray, medium-grained slightly porphyritic biotite
granite, composed chiefly of pink and gray feld
spars, smokey quartz, and biotite, but muscovite
is present in some fades, and the percentage of
biotite varies from place to place.
Table 1 - Modal Analyses of Metamorphic Rocks (Classification by Volume Percentages)
Elevation (ft) 12,020 11,840 12,660 11,371 11,195 11,113 12,208 12,059
Sample Number PRC 16-5 PRC 16-22 PRC 16-34 PRC 16-39 PRC 16-41 PRC 16-42 PRC 16-46 PRC 16-47
Mineralogy




15-20% 25-30% 10-157. 10-127.
Orthoclase 20-25 22-30 2- 57.
Plagioclase 25-30 2- 5 2-5 40+
Quartz 15-20 5-10 15-20 30-38 30-35 35-45 20-22 10-20
Biotite 5-10 25-30 30-35 20-25 15-20 20-25 22-27 15-20
Muscovite 3-5 1- 2
Sillimanite 10-15 25-30 25-27 5-10 10-15 15-20
Hornblende 20-25
Sericite* Trace d" 5) (5-10) (40)
Magnetite Trace 1- 2 Trace 1 1 1 7-12
Hematite Trace Trace Trace Trace
Calcite Trace Trace Trace 5-10
Zircon Trace Trace Trace Trace
Garnet 5-10 5-10 Trace
Pjnrite Trace' j 5-10






5 West of Cbnt. Biv
22 East of Cont. Div
34 East of Cont. Div
39 DDH No. 2 (1962)
41 DDH No. 2 (1962)
42 DDH No. 2 (1962)
46 DDH No. 3 (1962)





Biotite-Sillimanite and Microcline-Quartz Gneiss
Sillimanite-Garnet-Biotite-Microcline-Quartz Weakly Foliated Gneiss
Garnet-Microcline-Sillimanite-Biotite-Quartz Schist





Figure 13 - Photomicrograph of fRC 16-39 - Biotite~Sillimanite
and Microcline-Quartz Gneiss. Crossed nicols, lOX. Minute
cracks indicate post-crystallization fra~turing and deformation.
me, microcline; q, quartz; b, biotite; s, sillimanite; mg,magnetite.
Figure 14 - Example of a sharp contact between granite and
metamorphic rocks.
Figure 15 - Example of contorted metamorphic rock and pegmatite.
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This granite unit makes up about 75 percent (by volume) of the
bedrock. Based on the volume percentages given in table 2, the
rock ranges in composition from a granite to a quartz monzonite.
As shown in this table, there are large variations in the per
centages of biotite, quartz, muscovite, chlorite, and epidote.
The biotite variation is related to the partial-to-complete
assimilation of the metamorphic xenoliths or roof pendants.
Although not included in the rock name, the variation in quartz
is related to the amount of secondary quartz that has penetrated
along fracture planes and cleavage planes associated with post-
crystallization faulting, as shown in figure 16. The following
schematic diagram illustrates the crystallization of late
magmatic minerals, epidote (in fig.16) and calcite, which have
been injected into fractures in the crystallized granite. Two
episodes of fracturing were evidenced: the first with secondary
quartz and epidote, and the secopd with calcite which cross-cut
the fractures containing the secondary quartz and epidote.
The author believes these minerals to be of hydrothermal origin.
The established paragenetic sequence of minerals of the granitic
rocks is as follows:
Table 2 - Modal Analyses of Granitic Rocks (Classification by Volume Percentages)
Elevation (ft) 12,200 11,440 11,673 11,050 12,353 11,660 11,544 ,11,295
Sample Number FRO 16-6 PRC 16-26 PRC 16-37 PRC 16-44 PRC 16-45 PRC 16-49 PRC 16-51 PRC 16-55
Mineralogy
Microcline 20-25% 40-45% 25-30% 20-25% 25-30% 30-35% 30-35% 20-25%
Orthoclase 10-15 2- 5 25-30 20-25 20-25 15-20 20-25
Flagioclase 20-25 10-15 5-10 2- 5 20-25 15-20 10-15 20+
Quartz 15-20 20-25 10-15 35-40 10-15 20-25 20-25 15-20
Biotite 10-15 10-15 20-25 1- 2 5-10 10-15
Muscovite 1- 5 2- 5 5-10 5-10 1-5 1- 2
Sillimanite 1 1- 3
Magnetite 1 1 Trace Trace Trace 1 1- 2
Zircon 1 Trace 1- 3 Trace 1 1
Sericite* (5-10) (2- 5) (2-5) (20-25) (15-20) (10-15) (5)
Hematite Trace Trace 1 1 2- 5
Chlorite 5-10 Trace 5-10 2- 5 5-10 1
Sphene 1
Apatite Trace
Calcite 1 1- 2 Trace 2- 5
Pyrite Trace Trace 1 Trace 1
Epidote 3- 7 5-10
Flagioclase




* Percentage included in feldspar percentage.
Sample
No. General Location
6 West of Cont. Div.
26 East of Cont. Div.
37 DDK No. 2 (1962)
44 DDK No. 2 (1962)
45 DDR No. 3 (1962)
49 DDR No. 3 (1962)
51 DDR No. 3 (1962)
55 DDR No. 3 (1962)
Name
Medium-grained Biotite Quartz Monzonite
Gataclastic Chloritized Granite
Medium-grained Biotite Muscovite Granite
Mylonitized Biotite Granite
Sericitized Chloritized Cataclastic Granite with Epidote veinlets
Sericitized Granite (slightly sheared)
Cataclastic, very fine to medium-grained Chloritized Granite with
Bpidote veinlets





Photomicrograph of PRC 16-55 - Cataclastic biotite granite.
Crossed nicols, lOX. pf, plagioclase feldspar; b, biotite;
sq, secondary quartz; me, microcline. (Note shearing




Photomicrograph of PRC 16-45 - Sericitized chloritized
catac1astic granite, with epidote veinlets. Crossed nicols,
lOX. ep, epidote; f-g g, fine-grained granite; c-g g,
course-grained granite.
Figure 16 - Photomicrographs of cataclastic granites in






















As shown In the sequence diagram and In table 2, most of the
granitic rocks show various degrees of alteration and fracturing.
The rock In some of the thln-sectlons Is unaltered and only
slightly fractured, whereas In others It Is so highly fractured
and altered that It could easily be described as cataclaslte or
mylonlte. As stated previously (p. 37), the fracturing and
alteration Is more pronounced In the granitic rocks than In
the metamorphlc rocks. This fracturing Is probably related to
the competent brlttleness of the grapltes compared with the
metamorphlc rocks. The degree of alteration of the granites
T 982 46
is directly related to the degree of fracturing, i.e. the more
the rock is cataclasized, the greater is the intensity of
alteration. This degree of fracturing is important for the
interpretation of the structural conditions of the bedrock and
is important from an engineering standpoint. As is emphasized
later (p. 54 to 58), the degree of cataclasis of the bedrock is
directly related to the existence of faults and shear zones,
i.e., the rock closer to these fractured zones will be more
cataclasized and altered than the rock more distant from the
fractured zones. For engineering, the rock that is more highly
fractured and altered is less competent in arching action—^
3^/ Arching action is ". . . the capacity of the rock located
above the roof of a tunnel to transfer the major part of the
total weight of the overburden onto the rock located on both
sides of the tunnel" (Terzaghi, 1946. p. 59).
and therefore causes a greater rock load on tunnel supports
(see table 5, p. 116).
The various degrees of fracturing exhibited by the
granite are illustrated in figures 17, 18, 19, and 20. In
the unfractured and moderately-fractured granite, there exists
a general parallelism or foliation of the semi-porphyritic
microcline crystals. In the outcrops which are highly
fractured and altered, this foliation is often difficult to
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Figure 17 - Example of massive granite 200 ft south of tunnel
line (Station 109+50 and Elevation 11,500 ft).
Figure 18 - Example of moderately-fractured granite above
























discern; but where observed it is generally oriented askew of
the regional trend. Figure 20 also illustrates the typical
cross-cutting of tabular coarse-grained pegmatites within the
granitic rocks.
According to the graphic log of drill hole no. 3 (1962),
figure 4, the only minerals encountered in drilling that were
not conspicuous on the surface are very minor amounts of
fluorite and chrysocolla. These occur as secondary minerals
in veinlets in fractured and unfractured granite. Their
occurrence may be related to the Colorado Mineral Belt.
Pegmatite
Pegmatites intrude and cross-cut the foliations of the
metamorphic and granitic rocks. Only the largest pegmatites
are shown on plate 1. The thickness of the pegmatites ranges
from less than a tenth of a foot to about ten feet. These
are believed to be of structural importance in that they
indicate synorogenic plutonism (see p. 54 and 76).
Most of the pegmatites consist predominantly of
t
microcline and quartz with varying percentages of biotite,
muscovite, specular hematite, and magnetite. The magnetite
in some outcrops is sufficiently abundant to influence
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strongly bearings taken with a Brunton compass. As noted on
graphic logs, aplite occurs with pegmatites and, in general,
has the same mineralogy as the pegmatites. During field
mapping only two outcrops of aplite were observed, and in
these the interrelationship was not apparent.
Intrusive Rocks
The youngest petrologic unit in the thesis area is the
series of "diabase" hypabyssal intrusives located along the
Continental Divide north of the tunnel line. These intru
sives, first mapped by Lovering (1935), were termed augite
diorite dikes. These were dated as Tertiary-Early Eocene(?)
(Lovering, 1935, plate 3 and p. 30). Later, Lovering and
Goddard (1950, plate 1) dated the intrusives as Cretaceous-
Tertiary, related to the early porphyries associated with the
"Laramide" orogeny. The author has no dating mechanisms at
his disposal and, therefore, also considers these rocks to be
Cretaceous-Tertiary in age.
The field characteristics of these dikes are steeply
dipping, northerly trending, cross-cutting the bedrock
foliation, and sufficiently magnetic to influence strongly
any magnetic Brunton measurements. The rock on a fresh break
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is dark gray-green, weathering to dark brown and is lacking
in foliation. Petrographic examination of thin-section
PRC 16-32 gave description of the rock as altered magnetite-
bearing gabbro, based on the following percentages; calcic
plagioclase, 50 to 55 percent; augite, 35 to 40 percent; and
magnetite, 10 to 12 percent. The plagioclase feldspar is
almost completely altered to sericite. The rock is holo-
crystalline, porphyritic inequigranular, hiatal, with an
aphanitic groundmass and fine to medium-grained phenocrysts
(of sericitized feldspar). Figure 21 illustrates the texture
of this rock under plane-polarized light.
Inspection of the graphic logs reveals that these dikes
were not intersected by the drill holes. The nearest dike
outcrop is about 1000 ft north of the tunnel line. The pro
jection of these gabbro dikes to the tunnel grade is difficult
to predict. If this rock unit is encountered during the driving
of the tunnel, there should be little or no trouble in construc
tion since the rock appears to be competent, in spite of the
alteration, and the outcrops neighboring these dikes are
unaltered and only moderately fractured.
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Figure 21 - Photomicrograph of altered magnetite-bearing
gabbro. Plane-polarized light, lOX.
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Structural Geology
Structural geology is the most important phase of geology
involved in predicting engineering problems of an underground
excavation. The degree of fracturing and alteration of the
bedrock is directly related to the engineers' estimation of the
rock loads on the tunnel supports (see table 5, p. 116). The
greater the degree of fracturing and alteration in the bedrock,
the greater the load on the tunnel supports.
Structural geology includes the origin of the major
structural units and the determination and interpretation of
the primary and secondary features of the bedrock in this unit.
The primary structural feature is the foliation of the bedrock
resulting from mineral crystallization. The secondary features
are the folds, joints, faults, and alteration of the bedrock
subsequent to crystallization.
Origin of Structures
The thesis area is situated on the western margin of the
Silver Plume batholith which is near the western edge of the
Colorado Front Range. The central part of the Front Range is
bounded on the east by the Golden thrust fault and on the west
by the Williams Range and Elkhorn thrusts. In recent years.
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work on areas east of this thesis location and within the
Colorado Front Range has been published by Harrison and Wells
(1956 and 1959) and Harrison and Moench (1961).
According to Harrison and Moench (1961, p. B-2), a
generalized summary of the Precambrian geologic history in
the area of Central City-Idaho Springs shows the following
sequence of events:
1. Precambrian sediments were deeply buried and
reconstituted into high-grade gneisses (Idaho
Springs Formation). 2. The foliated meta-
sedimentary rocks are plastically deformed into
major folds with north-northeast-trending axes.
. . . 3. Biotite-muscovite granite (Silver
Plume Granite) was intruded near the end of the
period of plastic folding. 4. Uplift and
erosion of several thousand feet of cover.
5. The Precambrian rocks were deformed locally.
Where deformed, the more massive (competent)
rocks were crushed and granulated; the more
foliated (incompetent) gneissic rocks were
formed into small terrace, monoclinal, or
chevron folds; also some foliated metasedi-
mentary rocks were cataclastically deformed.
This sequence of events can be recognized in the thesis
area, based on the following evidence (same numbering sequence
as above):
1. The metamorphic rocks have a relatively high-temperature
mineral assemblage (fades) - sillimanite-almandine
subfacies of the amphibolite fades (p. 37).
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2. The poles of the foliations of the metamorphic rocks plotted
2/
on a Schmidt equal-area net— (fig. 22) form a girdle and
All the Schmidt equal-area net contour diagrams in this
thesis are plotted on the lower hemisphere and the poles
(perpendiculars of the planes) are contoured with a one
percent areal counter (procedure followed as described in
Billings, 1954, p. 108-115).
indicate a probable fold system with axes that trend
approximately N. 26° E. plunging 20° to the northeast.
This major fold system is known as older Precambrian fold
system. The fold axis of this system is referred to as the
"bp" lineation. The "b" lineation is the linear parallelism
of structural features (generally mineral grains) which are
approximately parallel to the fold axis and to the strike
of dependent cleavage planes (Badgley, 1959, p. 216).
According to Harrison and Moench (1961, p. B-4), the trend
of the older fold axes averages about N. 30° E. and
commonly plunge gently northeast or southwest. Actually,
over a large portion of the central Front Range the trend
in the "bp" lineation varies from about N. 5° E. to
N. 40° E. (Moench, Harrison, and Sims, 1962, p. 44).
3. The medium-grained biotite muscovite granite (table 2)














Figure 22-Schmidt equal-area net of the poles of the
foliations of the Precambrion metomorphic rocks, within
the thesis area, plotted on the lower hemisphere,
ig-Interpreted girdle, fa-Axis of fold system: 20®, N. 26®E.
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to post-tectonic), i.e., planar flow structures, sharp
contacts with the country rock (metamorphic rocks), the
forceful injection of granitic material resulting in
hybrid and mixed rocks instead of true migmatites (as
stated by Robinson and Lee, 1962), and piecemeal
magmatic stoping (according to Buddington, 1959).
4. Unable to determine this Precambrian event in thesis
area.
5. The post-intrusive deformation of the competent granitic
rocks is obvious from the cataclastic descriptions in
table 2 and illustrated in figure 16. The related
small-scale cross folds are known as the younger
Precambrian fold system which are superposed on the
older fold system. The fold axis of this system is
referred to as the "b " lineation and was not detected
y
in the thesis area. According to Harrison and Moench
(1961, p. B-4) and Moench, et. al. (1962, p. 46), the
"by" lineations consistently trend N. 55° E. with little
or no plunge in the Central City-Idaho Springs area.
Accompanying the plastic deformation of the younger fold
systems were the zones of cataclasis, known as late
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Precambrian shear zones. These shear zones . . reflect
a change from metamorphic to near-surface environments during
a long period of shearing" (Tweto and Pearson, 1958, p. 1748).
The thesis area contains some shear zones, their associated
faults, and dike intrusives which are common in the Precambrian
bedrock of central Colorado. These cataclastic zones have been
studied by Moench, Harrison, and Sims (1954 and 1958); Tweto
and Pearson (1958); Sims, Moench, and Harrison (1959); and
Tweto and Sims (1960). Such shear zones and related faults
will be one of the major problems in the construction of the
tunnel.
According to Tweto and Pearson (1958, p. 1748), the
characteristics of the shear zones and faults within the
Precambrian shear zone of the Sawatch Range are;
.  . . remarkably straight, have a braided
structure, dip steeply, and are spaced a few
hundred feet to half a mile apart. Pattern
and form of the shear zones and displacements
of 1-2 miles along a few of them indicate
that they are left-lateral wrench faults.
The master shear zone and many of its compo
nent shear zones trend N. 50°-55O E., and one
very strong branch trends N. 75° E.
These zones of Precambrian weakness were rejuvenated during
the "Laramide" orogeny and were the primary controlling
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features for "Laramide" igneous intrusions and the associated
ore deposits. The most prominent of these "Laramide" features
is the northeast-trending Colorado Mineral Belt. (Tweto and
Sims, 1960; Warner, 1957; and Badgley, 1960)
According to Wells, Sheridan, and Albee (1961), a third
period of Precambrian deformation and metamorphism is exhibited
in the Coal Creek area northeast of Central City, Colorado.
From their statements, the author interprets the fold axes
of this deformation to trend and plunge gently south. This
also was not detected within the thesis area.
Foliation
Foliation is the primary structural feature exhibited in
the rocks, i.e., it was formed as the minerals were crystal
lizing in response to forces that were acting on the rock or
magma mass. According to Lovering and Goddard (1950, p. 53),
the foliation of the metamorphic rocks is parallel to the
original sedimentary bedding and, subsequent to metamorphism
the foliation has been regionally deformed as previously
mentioned. Foliation of the granitic rocks is exhibited by
the semi-porphyritic potash feldspars and was caused by the
movement of the viscous magma during emplacement, i.e., planar
flow structure.
T 982 60
The effects of such layered structures on the construction
of a tunnel is most pronounced when sedimentary sequences are
involved, e.g., interbedded sedimentary rock types. With such
a layered sequence, the most uniform pressure distribution on
the tunnel supports and the greatest ease of advancing the face
results when the alignment of the tunnel is perpendicular to
the strike of the bedding (Krynine and Judd, 1957, p. 355; and
Wahlstrom, 1948, p. 1314). The alignment of the proposed
Straight Creek Tunnel is about N. 88° E. and considering the
foliation planes of the probable fold system of the metamorphic
rocks (fig. 22), the tunnel is well situated. However, the
author believes this foliation trend will little affect the
construction of the tunnel because of: 1. the high-grade of
metamorphism causing a greater competency of the rocks,
2. the variation in size of the xenoliths (p. 36), 3. the
extreme variation in foliation attitude within short distances
(fig. 15) at the thesis area, and 4. the effects of the meta
morphic rock intersected by the Roberts Tunnel (p. 18-19).
According to Wahlstrom (1948, p. 1314), the irregularity
of the tunnel cross-section, i.e., the overbreak, generally
increases with a decrease in foliation dip. As shown in
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figure 22, the greater percentage of foliation dips of the
metamorphic rocks range from 15° to 70°. The foliation dips
from the drill hole logs, figures 3 and 4, generally range from
30 to 50°. Therefore, due to this wide range in foliation dip,
prediction in the amount of overbreak that will be encountered
in tunnel construction through the metamorphic rocks is
difficult.
The planar flow structure (foliation) in the granitic
rocks within the thesis area is plotted on a Schmidt equal-
area net (fig. 23). Although there is a wide dispersion of
these foliations, the dominant attitudes (strike and dip) are
N. 17 E., 55° SE, and N. 17° E,, 75° NW. The dispersion
may be related to the mechanism of magma emplacement and/or
to the post-crystallization late Precambrian deformation
(p. 54-57). Owing to the semi-equigranular character of the
granitic rocks, their foliation will have substantially less
effect on the driving of the tunnel than with the sedimentary
sequences, previously noted (p. 60).
The lineations (in the metamorphic rocks) and slickensides
measured in the field were of insufficient quantity to draw any
definite conclusions. The dominant trend of the "b" lineations,
appears to be about N. 29° E. with a plunge of 10° to 20° to
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Figure 23- Schmidt equal-area net of the poles of the
foliations of the Precambrion granitic rocks, within the
thesis area, plotted on the lower hemisphere.
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the northeast. This trend is almost coincidental with the
fold axis trend and plunge shown in figure 22 which is
N. 26° E. plunging 20° NE.
Joints in Precambrian Rocks
All the rocks within the thesis are^ are jointed to
various degrees as previously mentioned and illustrated in
figures 17, 18, 19, and 20. Joints are the result of thermal
contraction after crystallization and/or later fracturing of
the rock in response to deformation by external oyogenic
forces. These orogenic forces were the cause of the faults
and shear zones related to the Precambrian shear zones
mentioned previously (p. 58). These fractured zones were
also rejuvenated during the "Laramide" orogeny.
The interrelationship between faults and shear zones,
and the attitudes of the joints relative to the tunnel
orientation, are of paramount importance in predicting the
loadings on the tunnel supports. The characteristics that
must be considered are spacing, dip, strike, surface, and
properties of the parent rock. If the joints are closely-
spaced, steeply-dipping, and smoothly-surfaced, they will
cause the maximum overbreak and caving into the tunnel.
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If the joints occur in coarsely-granular rocks, are widely-
spaced with irregular dips, and have rough surfaces, they will
cause little overbreakage. If the joint surfaces are slicken-
sided, are parallel to the foliation of the bedrock, and(or)
are coated by clay minerals caused by alteration and(or)
chemical weathering, the tendency for caving is increased
(Wahlstrom, 1948, 1314-1315).
Joint Spacing
According to Robinson and Lee (1962, p. 16), the
competency of the granite is far better than that of the
metamorphic rocks, based on the average length of pieces of
core from drill holes 2 and 3 (1962).
In drill hole 2, the pieces of granite averaged
0.24 foot and the metasedimentary rocks 0.12
foot in length. In drill hole 3 the pieces of
granite averaged 0.30 foot and the metasedimentary
rocks 0.20 foot in length.
Also according to Robinson and Lee (1962, p. 18),
.  . . the average piece of rock from drilling
had an unfractured length of 0.25 foot. . . .
(and) From surface mapping the average . . .
distance between fractures (was) 1.5 feet.
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Joint Dip
According to Wahlstrom (1948, p. 1315-1316),
.  . . the tunnel should be located so that its
direction is at right angles to the most
prominent, most steeply inclined joint systems.
.  . . if a tunnel follows a major joint system,
the danger of overhead caving is constantly
present.
Within the thesis area all the closely-spaced, systematic
joints were plotted on a Schmidt equal-area net and are shown
in figure 24. The maximum (Sj^) has a variable attitude of
N. 80° E. to S. 87° E, dipping 75° to 85° N. The other maxima
are N. 24° W., vertical (S2), N. 83° W., 79° SW. (S^) and a
weaker maximum N. 20° E. vertical (S^). These dominant
attitudes were also determined in the Freeland-Lamartine
district by Harrison and Wells (1956, p. 70-71) and in the
Central City-Idaho Springs area by Harrison and Moench (1961,
p. B-10). Figures 25 and 26 illustrate a general summary of
the major lineations and joint attitudes in the Precambrian
bedrock of central Colorado presented by Badgley (1960).
Table 3 is a compilation of the theoretical joint
attitudes of the previously mentioned Precambrian fold
systems (older, "bQ** and younger, "by") and the generalized












Figure 24-Schmidt equal-area net of the poles of the
closely-spaced, systematic joints, within the thesis area,
plotted on the lower hemisphere.
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Figure 25-Major Lcramide joint, fault, end shear trends in
a portion of central Colorado, (see also fig. 26)
After Bodgley, P.O., I960, Figure 4
Joint directions are indicated by straight lines, shears by
jagged lines. Inferred orientation:of Laramide stress application
is shown by stress arrows. Precaoibrian areas are shown by stippled
pattern.
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JOINTS AND LINEATIONS ESTABLISHED IN PRECAMBRIAN
Stress arrows Indicate inferred orientations of Precasobrian
stress applications. Double barbed arrows indicate the oK^st
proDiinent "b" llneaticm directions of Precambrian age.
MAIN "LARAMIDE" JOINT PATTERNS
Stress arrows indicate inferred orientation of "Laramide"
stress application.
Figure 26-Structural trends in the Front Range Uplift,
Colorado. After Badgley, personal communication.
Table 3. - Relationship between Attitudes of Joint Sets and Deformations in Precambrian Rocks
Theoretical Attitudes - Computed by D, B, Richards
Precambrian older fold system
30®, N. 30® E.
(intermediate stress axis
horizontal)*
Precambrian older fold system
30®, N. 30° E.
(intern^diate stress axis
vertical)
Precambrian younger fold system
Horizontal, N. 55® E.
(intermediate stress axis
horizontal)*
Precambrian younger fold system
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* Harrison and Moench, 1961, p. B-12.
**45® Spread except where otherwise noted. <T>
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"Laramide" orogeny. The axial trend of the Front Range strikes
roughly N. 15° W. and gently plunges to the southeast about 28°
(Harrison and Wells, 1956, p. 73; and Harrison and Moench, 1961,
p. B-14). Table 4 is a tabulated abstract of the joint atti
tudes compiled and interpreted by Harrison and Moench (1961,
p. B-10).
Figure 27 is a Schmidt equal-area net of the poles of the
joint attitudes, from table 3, genetically related to "bQ**,
"by", and "Laramide" lineations. The theoretical attitudes
plotted are those consistent with the actual attitudes presented
in table 4. The dominant attitudes (S]^ to 84) from figure 24
are superposed on the net of figure 27 to illustrate the
author's conclusions relative to the origin and age of
dominant attitudes, as follows;
$2^ - probably the cross joint of the regional joint
system related to the "Laramide" deformation
(L^); however, because of the large spread
surrounding this maximum, it might possibly
be a diagonal joint (bQ^j) of the "bQ*' system
(with the intermediate stress axis vertical
and a low plunge of the fold axis) and subse
quently rejuvenated by the "Laramide" deformation.
Table 4 - Relationship between Attitudes of Joint Sets and Deformations in Pracambrian Rocks
In Central City-Idaho Springs Area - From Harrison and Moench, 1961, p, B-10.
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- cross joint of the "b^" linestlon
b^j^ - longitudinal joint of the "b^" lineation
bod ~ *^i^8onal joint of the "b^" lineation
b  - cross joint of the "b„" lineation
yc y
b , - longitudinal joint of the "b_" lineation
yx y
by^ - diagonal joint of the "by" linctation
L  - cross joint of the "Laramide" lineation
- longitudinal joint of the "Laramide" lineation
- diagonal joint of the "Laramide" lineation
Sj^, S2, S^, and areas fr<Mi Figure 24
Figure 27 - Schmidt equal^area net of the poles of the joint
attitudes genetically related to the major ("b^") and minor
("by") Precaa^rian lineations and the "Larat^de" lineation,
plotted on the lower hemisphere.
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$2 - possibly related to the cross joint (by^,) of the
"by" system and subsequently rejuvenated by the
"Laramide" deformation as a logitudinal joint (L^^) .
S3 - possibly related to S]^, i.e., and possibly a
rejuvenated b^^. Interpretation as a diagonal
joint of the "by" (with the intermediate stress
axis vertical) was disregarded due to the
consistency of relations between table 3 and
table 4, and the shallower environment stated
on page 58 and 54 (item four of Harrison and
Moench, 1961, p. B-2) prior to the cataclastic
deformation and folding of the "by" fold system.
- although weakly developed, could represent the
"bQ" logitudinal joint . Interpretation
as a "by" diagonal joint (by^) was disregarded
for the same reason as was the by^ of S3.
The joint attitude trend of N. 55° E. exhibited in the
Freeland-Lamartine district and the Central City-Idaho Springs
area was not detected in the thesis area. However, this
attitude is probably the longitudinal joint of the "b "
y
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rejuvenated by the "Laramide" deformation into the diagonal
joint of the regional joint system, as suggested by Badgley,
(in figure 26, this paper).
Harrison and Moench (1961, p. B-12) suggest that the
intermediate stress axis of the older Precambrian fold system,
"bQ", was horizontalo The author believes this is inconsistent
with the related igneous activity and the comparison of the
actual dips of the diagonal joints (of "bQ*') in table 4 and
the corresponding theoretical joints in table 3.
Harrison and Moench (1961, p. B-14) suggest that the
uplift of the Front Range highland in the Pennsylvanian Period
(p. 24) was less pronounced than the uplift of the "Laramide"
orogeny and that the
.  , . stresses which were strong enough to
cause Laramide folding and thrusting along
the edge of the Front Range and to help
elevate the highland arch surely would leave
some mark on the crystalline core of the arch.
. . . We infer that the regional joint system
was formed during the arching and is Laramide
in age.
The author believes that the joints within the thesis area,
and perhaps within the Precambrian rocks of the central Front
Range, are mainly an expression of the joints initiated by the
Precambrian deformations and subsequently rejuvenated to various
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degrees during the "I^ramide" orogeny according to their
position with respect to the intensity and orientation of
"Laramide" stresses. Such an interpretation is expressed in
figure 26, but the proposed interpretation is greater in
extent and detail as described above and shown in figure 27.
In the Central City-Idaho Springs area, according to
Harrison and Moench (1961, p. B-5)
The joints of Precambrian age include two
types, primary joints in intrusive igneous rocks
and joints related to two periods of Precambrian
folding. Primary joint sets in igneous rocks
are identified if dikes related to the igneous
mass are found parallel to (following) joints
in that mass. (See Balk, 1937, p. 27-42) If
the dike rock is not related to the intrusive
mass in which it occurs, then joints parallel
to it may be primary joints that were reopened
at a later time, or joints formed at a later
time.
Within the thesis area, as previously discussed (p. 49),
pegmatites intrude and cross-cut the foliations of both
granitic and met amor phic rocks. Approxiiaaately 25 percent of
the pegmatites are in metamorphic rocks and approximately
75 percent are in the granitic rocks. The following analysis
was made to determine whether or not primary joints in
granitic rocks were related to one or both systems of
Precambrian folding.
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From figure 28, two maxima are apparent: N. 74° E.,
81° NW. and N. 12° W., 34° NE. The steeply dipping attitude
(N. 74° E., 81° NW.) was also detected in the Chicago Creek
area (Colorado) by Harrison and Wells (1959, p. 36) and in
the Central City-Idaho Springs area by Harrison and Moench
(1961, p. B-6) and were interpreted as primary igneous joints.
The author believes that these steeply dipping pegmatites were
intruded into the primary joints of the predominantly igneous
bedrock, but also, they appear possibly to be related to the
deformation of the "bQ" system, suggesting that intrusion of
the granite might have occurred at least toward the end of
the older Precambrian deformation. This interpretation
results from the fact that the pegmatites themselves were
late magmatic fluids injected into existing weakness planes,
namely the primary joints, and, further, the maximum N. 74° E.,
81° NW., lies within the larger maximum of figure 24 which
is considered to be a diagonal joint of "bQ*'.
The other maximum of figure 28, N. 12° W., 34° NE., is
coincident with the maximum of figure 22 (N. 12° W., 32° NE.)
and indicates that many pegmatites were intruded into the








Figure 28-Schmidt equal-area net of the poles of the
pegmatite attitudes, within the thesis area, plotted on the
lower hemisphere.
P, - N.74®E.. SrNW. Pg-N.ia'W., 34® NE.
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same maximum (N. 12° W., 34° NE.) lies very near the broader
maximum of figure 23, suggesting that some pegmatites probably
were also intruded along planes parallel to the primary igneous
flow structure of the granite.
Based on the attitudes of the joints shown in figure 24
and the attitudes of the pegmatites in figure 28 and figures 3
and 4, the author believes the steeply-dipping joints will
persist to depth, and depending on the proximity of the joints
to faults and sheared zones, will probably cause some problems
in the construction of the tunnel; i.e., those which are hydro-
thermally and/or chemically altered, closely spaced, and
related to faults and shear zones will cause greater loads
on the tunnel supports than those joints which are some distance
from these major features.
Owing to the difference in environmental conditions
(pressure, temperature, and moisture) on the topographic
surface compared to the corresponding conditions existing at
the tunnel grade, the author attempted to illustrate
graphically this difference in the change of joint attitude
with depth. The pressure difference is negligible geolog
ically, and the moisture difference is erratic (p. 101); but
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the temperature difference is extreme. Based on temperature
information from the Roberts Tunnel (Dr. C. S. Robinson,
personal communication), the temperatures in the Precambrian
rocks between stations 180+00 and 270+00 averaged about 57°F
with a variation of a few degrees. As pointed out on page 10,
the surface temperature varies from 88°F to about 30° to 40°F
below zero or a temperature difference of about 125°F compared
with a rather constant subsurface temperature.
Figure 29 is a graphic plot of the dips of all the joints
of the outcrops in an area around drill hole no. 2 (1962) with
a radius of 1500 feet, which was arbitrarily chosen. The
graph illustrates the percentages of occurrence of the various
dips of the joints (dip frequency). More than 50 percent of
the joint dips are greater than 70°, and more than 25 percent
of the dips are greater than 80°. This steeply dipping
attitude is to be expected from inspection of figure 24.
Drill hole no. 2 was arbitrarily divided into two equal
segments to illustrate the divergence of the dips of the
joints from the steep attitude illustrated in figure 29.
All of the joints recorded on figure 3 were used in this
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Figure 29 - Joint Dip-Frequency Graph of Outcrops within
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Figure 30 - Dip-Frequency Graphs of Drill Hole No. 2 (1962)
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shows the results of this plotting and Illustrates the possible
divergence of the joints with depth:
0 - 432 ft - 10.37o at 40 to 45° dip; 10.1% at
55 to 60° dip; and 8.2% at 75 to 80° dip.
432 - 872 ft - 9.9% at 45 to 50° dip; and 8.2% at
25 to 45° dip.
In the graphical plots of figure 30, the dips for the ranges
80 to 85° and 85 to 90° were averaged because the percentages
for the former range were much lower than the latter range, as
shown by the dotted line on the graphs. The author presumed
the poor representation to be the result of expediency by the
geologists who logged the core, i.e., a joint that is near
vertical is called vertical.
As brought out by Dr. L. Ogden, a number of variables
that must be considered in evaluating a study like this include
1. the relation of the attitude of the drill hole to the number
of joints intersected; 2. the variation of the geologic struc
ture of the bedrock penetrated by the drill hole, e.g., the
same genetic joints may be intersected but with different
attitudes; and 3. the differentiation of the actual joints in
the bedrock and the fractures caused by the drilling of the
bedrock. Because the author has been unable to evaluate
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these variables, the conclusions derived from this study
should be considered in this light.
Joint Strike
In addition to the spacing and dip of the joints, the
strike of the joints is also important in predicting the loads
on the tunnel supports. As stated in the Joint Dip discussion
(p. 65), the tunnel should be aligned to intersect the major
steeply inclined joint system at right angles. As shown in
figures 24 and 29, two of the major joint systems and S3)
are steeply dipping and strike parallel to the orientation of
the tunnel, which is about N. 88° E.
The field data for figure 24 were taken from the thesis
area as a whole; but because of the numerous fractured zones
(dated late Precambrian and "Laramide") that transect the
thesis area, the dominant attitudes of the joint sets of
smaller topographic areas vary relatively to the attitudes
of these fractured zones. As pointed out in figures 24 and
29, most of the joints mapped have dips equal to or greater
than 68°. Based on observations made during field mapping
and from observation of the aerial photographs (fig. 2),
the areas of outcrop appear to be structurally and
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topographically related. Plate 2 (in pocket) represents the
results of a detailed study of the strikes of joints which
have dips equal to or greater than 68° within specific
outlined outcrop areas. The number noted within each area
represents the total number of joints used in the area. The
maxima joint-strike trends are believed to be controlled by
and related to the orogenic forces that caused the fractured
zones. Thus, plate 2 is one of the criteria used by the
author to define the faults and shear zones of the thesis
area (after Badgley, 1960, p. 166-167) (see figs. 25 and 26).
The location of the outcrops, topographic depressions,
and streams appear to be structurally controlled. There is
consistently a set of closely spaced parallel joints which
strikes in the plane of each gully. Southwest of the thesis
area. Straight Creek trends N. 60° E. which is believed to
be related to the trend of the Precambrian shear zones of
Tweto and Sims (1960). Within the thesis area the trend of
Straight Creek which is also believed to be structurally
controlled changes to N. 25° E. The headwaters of Clear
Creek, within the thesis area, do not appear to have a
dominant trend which possibly is caused by the junction of
a number of fracture patterns.
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The attitudes of the major joint sets are directly
related to the Precambrian faulting and shearing which was
subsequently rejuvenated by the "Laramide" orogeny, as
illustrated in figures 25 and 26 and in the discussion on
pages 70 to 75. Using the terminology established in this
discussion and illustrated in figure 27, the correlation
between the figures 24, 25 and 26 and plate 2 is as follows:
1. One of the strongest joint orientations shown on
plate 2 is N. 85° E. + 10° (S^ of fig. 24). This
orientation is L^. or possibly rejuvenated b^^j.
This joint orientation is also coincident with
the tunnel direction and will probably be a source
of increased rock loads and overbreak in the
tunnel construction.
2. The dominant N. 25° W. + 10° (S2 of fig. 24) shown
on plate 2 is L-j^ and rejuvenated by^,.
3. Most of the rosettes show preferential joint
directions of N. 25° E. j; 5° and N. 40° E. + 10°.
The former (S4 of fig. 24) is b^j^. The
N. 40° E. ± 10° is Ljj (not expressed in
fig, 24) and roughly coincides with byj^. If these
T 982 86
ranges are combined, the joint strike varies from
N. 20° E. ("bQ") to N. 50° E. ("by")- This wide
range together with the wide dispersion of the
planar flow structures in the granitic rocks
(p. 61-62), may be caused by the rotation of
bedrock blocks between faults and shear zones
during or subsequent to "I^aramide" deformation.
To possibly illustrate the structural complexity of the
area adjacent to the tunnel line, two pole-contour diagrams
of the foliations of the granitic rocks within a 4000-foot
strip centered on the tunnel line are plotted, as shown on
plate 2. The foliations west of the Divide along the tunnel
line yield a fairly constant pattern, which is consistent
with the steep topographic slope or the smaller geographic
area. The foliations east of the Continental Divide yield
two maxima possibly indicating greater structural disturbance
with a gentler topographic slope within this area or possibly
related to a larger geographic area.
Results of this study indicate the proposed tunnel is
probably satisfactorily oriented when the dominant attitudes
of the sets of joints are considered, although the strong east-
west set will probably be of some concern.
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Rock Alteration Near Joints
According to Robinson and Lee (1962, p. 12),
Rock alteration in the Straight Creek area is
believed to be primarily related rto'weathering
and ground-water action rather than to hydro-
thermal alteration that is common in other
areas of the Front Range and related to the
formation of ore deposits.
As noted in figures 3 and 4, the joints of the drill-hole
core contain clay minerals, calcite, chlorite, and talc. From
thin-section examination the common alteration products are
sericite from plagioclase feldspars, chlorite from biotite,
and clay minerals from both the feldspars and micas. The
presence of sericite, epidote, secondary quartz veinlets, and
calcite are considered by this writer to be related to late
stage hydrothermal activity, probably related to the
mineralization of the Colorado Mineral Belt.
The presence and degree of alteration (related to degree
of fracturing) has a pronounced effect on the degrees of
frictional resistance to movement that can be expected, i.e.,
the greater the alteration, the more reduced is the frictional
resistance. Clay minerals will provide negligible resistance.
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Joints in Cretaceous-Tertiary Rocks
As shown in plate 1, the outcrops of the altered magnetite-
bearing gabbro (or augite diorite) dikes exist only in a small
area north of the tunnel line. The author believes the emplace
ment of these dikes is structurally controlled similar to the
other porphyries emplaced during the "Laramide" orogeny.
The number of joints of these rocks is of limited
statistical value, but the author determined a concentration
of attitudes which roughly corresponds witli of figure 24
which further substantiates the age of the jointing as
"Laramide" which is related to (fig. 27) and possibly the
rejuvenation of b^^ (fig« 27). Some of the joints in these
outcrops have grooved surfaces which indicate post-intrusive
crystallization movements either during or after the jointing
of these rocks.
Faults and Shear Zones
The principle stated (p. 65 ) for the dominant joint
directions also applies to the dominant attitudes of faults.
That is, the tunnel should be aligned to intersect the major
faults as near to right angles as possible, in order to keep
the length of tunnel in fractured and sheared rock to a
minimum.
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The faults and shear zones within the thesis area are
considered to be inactive, since the last known movement on
them was about 60 million years ago. Tunnels through these
planes of fracturing should be avoided if at all possible
because the material of these planes is often brecciated,
generally contains clay gouge (from alteration and/or
weathering), and is often water-bearing. These features
invariably cause difficult tunnel-driving conditions and
cause increased loads on the tunnel supports.
The faults and shear zones within the thesis area are
numerous and difficult to recognize. As stated by Billings
(1954, p. 147-148), the criteria for the recognition of
faults are;
1. discontinuity of structures; 2. repetition
or omission of strata; 3. features characteristic
of fault planes; 4. silicification and mineral
ization; 5. sudden changes in sedimentary facies;
and 6. physiographic data.
The criteria used in recognizing the faults and shear zones
within the Precambrian terrain include numbers three, four,
and six of the above. The field criteria include highly
altered and sheared granitic float which in many places
approaches the texture of coarse sand, "bull quartz," and
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the degree of jointing and shearing of outcrops. These
fractured areas were connected by distinctive alignments seen
on a detailed study of aerial photographs (fig. 2) and the
correspondence with the maxima joint strike trends of the
joint-strike frequency diagram (plate 2). The final inter
pretations of the faults and shear zones are shown on plate 1
and in figure 31. The final interpretation of Robinson and
l,ee (1962, fig. 2B) is shown in figure 32.
According to Badgley (1960, p. 166-168), the major trends
of "Laramide" faulting are northwest and northeast. The north
west faults are generally left-lateral strike slip and have
strikes that vary from about N. 75° W. to about N. 30° W.
Nearly every one of the larger northwest faults
is parallel to northwest-trending foliation for
at least a portion of its length, although most
of these faults also cut across the foliation
trends in some areas. The northeast faults have
strikes varying from N. 15° E. to about N, 60° E.
Right lateral strike slip action has been noted
on many of the northeast-trending*faults. These
•fractures tend to be parallel to the northeast-
trending foliation . . . (Badgley, 1960, p. 166-
167)
Thus, the pre-faulting foliation pattern appears to be the
dominant control of the late Precambrian and "Laramide"










Figure 31 Isometric block diagram of topographic conditions and structural interpretation of area
















































Strike Frequency Diagram of the Trend of Faults
Shear Zones










Figure 32-Plan of interpreted shear zones 8 faults in the
area of the proposed Straight Creek Tunnel
(From Robinson 8 Lee, 1962, fig.2B)
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Since 75 percent of the bedrock is of granitic rocks and the
dominant foliations (planar flow structures) in these rocks
are N. 17° E., 35° SE. and N. 17° E., 75° NW., the faults and
shear zones are likely to parallel these foliation trends,
i.e., the northeast-trending faults and shear zones are more
likely to be encountered in tunnel construction than the
northwest-trending faults and shear zones.
i;
As stated by Robinson and Lee (1962, p. 10), the
distinction between faults and shear zones is more imaginative
than real, and, in general, the faults indicated on plate 1,
figure 31, and figure 32
.  . . represent zones of crushed rock from 5
to 50 feet wide and shear zones (represent)
areas of crushed rock from 50 to 600 feet wide.
Zones less than 5 feet wide were too numerous
to be shown on the geologic map.
In the Precambrian rocks of the Roberts Tunnel, the
dominant fault orientations are roughly north-south with dips
to the east of 60 degrees or more (Wahlstrom and Hornback,
1962, fig. 3, p. 1482). These workers also suggested that
the faults might be related to the north-northwest-trending
Williams Range thrust and that there was also, . . a
remarkable diversity of attitudes of the fault planes. . ."
(p. 1484). Perhaps the north-south trend of the faults of
T 982 95
the Roberts Tunnel is reflected in the thesis area along the
Continental Divide above the tunnel line. The ". . .
remarkable diversity of attitudes of . . . fault planes
.  , ." will more than likely be encountered In the construc
tion of the proposed Straight Creek Tunnel, due to the
similarity of complex structural geologic conditions.
According to Harrison and Wells (1956, p. 65-70), most
of the faults In the Freeland-Lamartlne district dip steeply
to the north, are of Tertiary age, and exhibit an overall
character of normal faulting. The amount of displacement on
these faults has been small, but the border zones of sheeting
and fracturing Indicate repeated movement along the fault or
fault zone. The dominant trends of these faults are north-
northeast, east-northeast, and east (from oldest to youngest).
The north-northeast set was
.  . . formed approximately parallel to the axial
planes of the folds In the Precambrlan bedrock;
these faults were followed by east-northeastward-
trendlng tension fractures which formed at both
ends of the north-northeastward-trendlng faults;
and finally, eastward-trending faults formed at
the ends of the east-northeastward-trendlng
fractures probably as a result of movement along
preexisting joint surfaces. (p. 70)
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The faults in the Chicago Creek area are also of Tertiary
age. Most of these are probably wrench faults (steeply dipping
strike-slip faults - Anderson, 1942, p. 13-21) and a few are
thrust faults. These faults have three principal trends;
N. 40° E., N. 65° Eo, and N. 75° E. to S. 75° E.; most of these
dip steeply northwest, a few dip vertically to steeply south
east, and a few dip less than 50° northeast or southeast
(after Harrison and Wells, 1959, p. 33-35).
The faults and shear zones of the thesis area are related
to the Precambrlan shear zones and to the Berthoud Pass fault
zone (fig. 25). As stated by Loverlng and Goddard (1950,
p. 59), the Berthoud Pass fault was first discovered In the
construction of the Moffat Tunnel and was largely responsible
for the Increase In cost of the tunnel project (p. 15). This
fault zone has been extended southwestward to pass through
the location of Loveland Pass (Loverlng and Goddard, 1950,
plate I). The attitude of this fault zone at Berthoud Pass
trends N. 30° E. and dips steeply to almost vertical (fig. 25,
and Loverlng and Goddard, 1950, p. 60).
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Based on the attitudes of the faults in the Precambrian
bedrock in adjacent localities, i.e., Roberts Tunnel, Freeland-
Lamartine district, Chicago Creek area, and the extension of
the Berthoud Pass fault zone, the faults and shear zones of
the thesis area are also interpreted to be steeply dipping and
generally trending northeastward.
While field mapping the author observed that many of the
faults extend for hundreds of feet and abruptly end at an
outcrop of relatively unfractured rock. Also, according to
Dr. M. A. Klugman (personal communication), many faults in
Precambrian rocks often extend to depth only a fraction of
their length on the surface. Therefore, as shown in the
cross section of plate 1, the projection of faults to depth
with any degree of accuracy is very difficult if not
impossible.
Figures 33 and 34 are examples of the topographic
expression of faults and a shear zone east of the Continental
Divide and just south of the tunnel line.
The author's final structural interpretation along the
tunnel line is shown in plate 1. No faults or shear zones






































































and the strike of the northeast-trending faults ranges from
30° to 90° from the bearing of the proposed tunnel line.
Therefore, the tunnel is probably best situated in its proposed
alignment when the trends and attitudes of the faults and shear
zones are considered. However, the sections of the tunnel that
are intersected by these faults and shear zones will encounter
greater overbreak and will require closer spacing of tunnel
supports than the sections of the tunnel that are relatively
unfractured. Also, as shown in figure 31 and plate 1, shear
zones will probably be encountered in the construction of the
east and west portals of the proposed tunnel alignment. The
shear zone at the east portal was encountered by the excavation
of the east portal area and the construction of the corre
sponding approach road during the winter of 1962. The
interpreted shear zone at the west portal is covered by at
least 70 feet of talus material and, therefore, does not
lend itself to detailed study.
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Ground Water
The Importance of ground-water conditions in the area of
a proposed engineering project is well expressed by Paige
(1956, p. 1821):
There is an impelling and pervasive relation
ship between the principles that govern ground-water
flow and engineering structures, which if neglected
by the geologist or engineer leads to loss or
disaster, but if taken account of leads on to
success or fortune . . .
In tunnels constructed below the water table, ground water
is one of the major hazards. In order to determine the ground-
water conditions at the proposed tunnel site, detailed geologic
investigations are necessary before the start of the tunnel
construction.
In the Moffat Tunnel, the major fault zone did not contain
any water, but one fractured zone directly related to Crater
Lake 1400 feet above tunnel grade yielded 1800 gpm of water
when first tapped. In the Roberts Tunnel, ground water was a
constant source of trouble during construction, but was
exceedingly more difficult to predict than in the Moffat
Tunnel. In the Roberts Tunnel, ground-water flows of 200 gpm
from fissured rock were common. At station 257+00, in
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Preeambrian gneiss and quartzite, construction cost over a
million dollars to grout off a ground-water flow of 1000 gpm
and tunnel through.
Crystalline and metamorphic rocks are generally considered
to be poor aquifers because they are relatively impermeable.
The ground water that occurs in them is obtained from joints
of fracture systems.
The characteristics of the material in the fault plane
or shear zone determine whether or not it will be permeable
(and act as an aquifer) or be impermeable. If the material
in the fault zone is brecciated, includes a small percentage of
fines, and is water bearing, high rates of flow may be expected
when intersected by the tunnel because of the high permeability.
If the fault plane is tight and/or contains a high percentage
of clay-sized material (gouge), the impermeability prevents
the rapid movement of water. In the Roberts Tunnel the fault
zones are very permeable because they contain closely-spaced,
interconnecting fractures.
Knowledge of the ground-water table in an area generally
is of great value, but in a terrain of impermeable rocks, the
importance is questionable because of the erratic ground-water
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circulation. The ground-water flows in such rocks is not
accurately predicted. The uncertainty of ground water in
faults and joints encountered in tunnel construction is best
illustrated by a statement by Wahlstrom (1948, p. 1319);
It is a common experience of the tunnel engineer
to drive through a fault containing little or no
ground water and then to encounter a narrow crack
or section of jointed ground (rock) from which
water issues in great volume and with destructive
velocity.
The ground-water conditions believed to exist in the area of
the proposed Straight Creek Tunnel are shown in figure 35.
The cross-sections in the figure were drawn as if there were
con^lete ground-water circulation before and after tunnel
construction. The numerous springs and creeks are actual
features, but the subsurface interpretation is at best a
very rough estimate. The diamond-drill holes drilled in the
summer of 1962 (logs, figs. 3 and 4) are shown on the tunnel
line. The water level in DDH No. 2 was 50 feet below the
topographic surface and in DDH No. 3 was 535+5 feet below
the surface. The water table is about 730 feet above tunnel
grade at DDH No. 2 and about 1130 feet above tunnel grade
at DDH No. 3. As indicated by the location of the springs and







































Figure 35-Plan a cross sections of proposed Straight Creek Tunnel
illustrating interpreted ground - water conditions
Scale: hl2000 , l"=IOOO' Horizontal s Vertical j q - Spring j V = Water Table
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east portal to about 1500 feet higher than tunnel grade near
the north end of section C-C*. The existence and location of
the springs are believed to be related to permeable fracture
zones that cross-cut the bedrock terrain. Based upon the
experiences in the Moffat and Roberts Tunnels, the author
believes that the major construction problems will be related
to the water-bearing shear zones and faults.
As shown in figure 35, there are no large bodies of water
located on the surface above or along the proposed tunnel line.
The quantity of ground water encountered in the tunnel should
be related to the existing drainage area in the Loveland Ski
Basin and the cirque area at the head of Straight Creek valley.
The springs are believed to flow from fractures, and the main
source of water is probably the snow and ice that have
accumulated on the fractured rock at elevations which melt
during the summer. Therefore, they are probably intermittent.
If these springs are indicators of the major source of ground
water which can cause difficulties in construction, then if
possible, the tunnel should be constructed between the months
of December and May. The flow of each of the springs appears
to be less than ten gallons per minute.
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The springs drain into the headwaters of the effluent
streams: Straight Creek and Clear Creek. Both of these
originate in the area of the tunnel site. The flow of Straight
Creek is predominantly the result of snow-meltwater discharge
with a small amount due to ground-water discharge through
springs. The rate of stream discharge decreases rapidly
toward the end of the summer after the melting of 99lh percent
of the snow by about September. The discharge in August is
approximately one to two cubic feet per second near the west
portal area. The flow of Clear Creek is also related to the
discharge of meltwater, but also is fed by numerous springs.
The flow at the end of the summer is still significant and at
the east portal may be from one to ten cubic feet per second.
Because of the distance and elevation of Straight Creek
relative to the tunnel, the author believes the water of
Straight Creek will cause little or no construction problems.
However, because of the orientation and elevation of Clear
Creek, the author believes the water of this stream will be
the cause of construction problems, especially if nonwater-
bearing faults and shear zones intersect the stream and in
turn are encountered by the tunnel excavation providing a
lower elevation for discharge.
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The computation of the quantity of water to be expected
during tunnel construction appears to be extremely difficult.
The conditions that are obvious in the ground-water evaluation
are the declining water table above the tunnel as the tunnel
is constructed and the permanent location of the water table
at the grade of the tunnel, assuming, of course, that the
ground water is allowed to drain out of the tunnel and not
sealed off by grout. The quantities of water estimated for
each of the cross-sections shown in figure 35 are shown in
the following table;
Cross Section Quantity of Ground Water
in figure 35 gal/day/ft
A - A' 225
B - B' 2050
C - C' 4450
D-D' 1975
E - E' 1170
These quantities are based on Dupuit's theory of unconfined
flow - Two-Dimensional Flow on a Horizontal Impervious Boundary
(from Harr, 1962, p. 42). The coefficient of permeability was
assumed to be 5 gal/day/ft^, equivalent to a poor aquifer.
The invert of the tunnel will not be an impervious boundary.
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and undoubtedly there will be seepage in the invert owing to
the head of water in the porous zones. Therefore, this analysis
probably is inaccurate and at best might just be a very rough
estimate, especially considering the statement by Wahlstrom
(1948, p. 1319) (see p. 102) and the experience at station
257+00 in the Roberts Tunnel (see fig. 36).
Figure 37 is the prediction by Robinson and Lee of the
ground-water conditions and the necessary timber support
spacings for the 10% by 11%-ft pilot bore. Figure 36 shows
the relationship of ground water and support spacings due to
fractured Precambrian rock encountered by Wahlstrom and
Hornback in the Roberts Tunnel. As stated by Robinson and
Lee (1962, p. 26)j
.  . . the maximum amount of flow that might be
expected from the various fracture-density
intervals of the tunnel is shown . . . (fig. 37).
This amount is the maximum initial flow that
might be expected from a fault or shear zone
within the interval. This flow would be
expected to decrease rapidly in 5 to 10 days.
.  . . The maximum average flow from the portal
is estimated at about 500 gpm. The maximum
initial flow from any section of the tunnel is
estimated at about 1000 gpm.
The maximum water-pressure head to be anticipated would be
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Figure 36-Portlon of Roberts Tunnel cross section
illustrating ground-water conditions 8 support spocings
From Wahlstrom, E.E., 1962 & Wohlstrom, E.E, 8 Hornbook, V.Q., 1962
7.4 GPM per foot of tunnelI  I" I^^Heovy woter flows in GPM
Woter beoring tunnel section
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Figure 37-Portion of proposed Straight Creek Tunnel cross section
illustrating possible ground - water conditions 8 necessary support spocings
From Robinson, C.S. 8 Lee, F.T., 1962, fig. 5
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ENGINEERING PROBLEMS RELATED TO
GEOLOGIC CONDITIONS
The present estimated cost for constructing the proposed
Straight Creek Tunnel is $5,000 per ft for the twin vehicular
tubes, for a total estimate of $40,000,000 (Mr. F. T. Lee,
personal communication). This figure is based on the geolog
ical study and interpretations made for the Colorado Department
of Highways by Robinson and Lee of the Engineering Geology
Branch of the U. S. Geological Survey (Dr. C. S. Robinson,
personal communication).
Overbreak
The amount of overbreak to be encountered in constructing
this tunnel will be related to the degree of alteration of the
bedrock, the number and attitude of the faults and shear zones,
the amount of water contained in the faults and shear zones, and
the attitude of the foliation of the metamorphic rocks.
110
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The degree of alteration is directly related to the
extent of fracturing of the bedrock and the permeability of
the fractured zones. In the Roberts Tunnel, zones of hydro-
thermal alteration were localized in the closely spaced-joint
sets and produced swelling gouge which caused overbreak and
increased loads on the tunnel supports. The overbreak owing
to alteration in the proposed Straight Creek Tunnel will also
be related to the closely spaced joints of the major fracture
zones, since these zones have provided channel-ways for both
hydrothermal solutions and ground-water circulation.
Most of the overbreak will be related to and in the
faults and shear zones. Most of these major structures are
steeply dipping and strike 30° to 90° from the bearing of the
tunnel. The amount of overbreak is difficult to control in
fracture zones where water pressure is high and the brecciated
®3terial is extensively altered. As discussed by Terzaghi
(1946, p. 65-69), the amount of overbreak is often related
to the length of the bridge-action period of the half-dome-^^
j/ HaIf-dome is the arch action in the immediate vicinity
of the working face where the rock located over the roof is
supported on three sides, by the rock adjoining the two sides
of the tunnel and by the rock adjoining the working face; the
bridge-action period is time which elapses between the firing
of the shots and the breakdown of the equilibrium of the
half-dome. (Terzaghi, 1946, p. 66-67)
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after the blasting of the new working face and the length of
time necessary to erect additional supports with the proper
back-packing and wedging. According to Terzaghi (1946, p. 67),
The rate at which the progressive deteri
oration or raveling of the half-dome takes place
depends on the shape and size of the blocks
between joints, on the width of the joints, on
the matrix which occupies the joints and, last
but not least, on the distance . . . between
the new working face and the last support.
Thus, if the project geologist maps the underground geology as
the drift is advanced and can accurately use feeler drill holes
to discover the fractured zones, the method of construction,
i.e., the amount of blasted rock, the amount of time in the
excavating cycle, and the care used in properly back-packing
and wedging the tunnel supports, can be adjusted to prevent
excessive overbreakage.
In the Moffat Tunnel, more of the sinall faults and
subordinate fracture planes having gouge seams were located
in the metamorphic rocks than in the igneous rocks. As shown
in figure 36, the closest spacing of the tunnel supports in
the Roberts Tunnel are where the tunnel intersects the crushed,
gougy, and altered rock zones of the faults, which are also
the sections of maximum overbreak.
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If the fault zones are permeable containing numerous
closely spaced interconnecting fractures and contain ground
water, the construction of the tunnel drains these zones.
The sudden release of the water pressure carries along with
its downward movement all the fines that can be washed through
the coarse fault breccia. In the Roberts Tunnel the water
pressure encountered by the feeler holes was indicative of the
degree of fracturing in the rock.
Because of the contortion of the metamorphic rocks and
the variability of their foliation, it is difficult, if not
impossible, to predict the amount of overbreakage to be
expected in tunneling through this rock type. Perhaps the
metamorphic rocks in the proposed Straight Creek Tunnel will
be much like the metamorphic rocks encountered in the Roberts
Tunnel, where the foliation was obliterated in many places or
was steeply dipping, both of which required little or no
support. However, because of the shorter core length, i.e.
lower strength, the existence of faults in the metamorphic
rocks, and the movements along the foliation planes, it is
believed that some overbreakage can be expected from this
type of rock.
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The overbreakage caused by spalling and popping rock in
the unaltered granitic or metamorphic rocks will be of a minor
magnitude compared with the causes of overbreakage previously
discussed.
Rock Loads
The amount of load predicted on the tunnel supports for
the final tunnel cross section is dependent on the specific
gravity of the rock material and degree of fracturing and
alteration of the bedrock. The relationships of the rock
condition, rock load, and supporting conditions, as determined
by Terzaghi (1946, p. 91), are shown in table 5. Based on the
structural interpretation of plate 1 ̂ nd the estimating for
mulas of table 5, the predicted rock loads for the proposed
42 by 37-ft (H^. and B of fig. 38) cross section of the Straight
Creek Tunnel are shown in table 6. The average specific
gravity (by grain density) of the granites within the thesis
area is 2.65, as determined by Robinson and Lee (1962,
appendix B). These loads are at best rough apprqximates, or
as stated by Terzaghi (1946, p. 91) "If the region has had a
complex geological history the condition of the grariite may











Figure 38 - Dimensioned cross-sectional diagram for table 5 - From Terzaghi, 1946, p. 60.
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Rock load Hp in feet of rock on roof of support in tunnel with width B (ft) and height H|. (ft)
at depth of more than 1.5(B+Ht) - The tunnel roof is assumed to be located below the water
table.
Rock Condition Rock Load Hp in ft Remarks




0 to 0.5B Light support.
Massive, moderately
jointed




0.25B to 0.35(B+Hj.) No side pressure.
Very blocky and seamy (0.35 to 1.10)(BfH^) Little or no side pressure.
Completely crushed but
chemically intact
1.10 (B+H(.) Considerable side pressure. Softening
effect of seepage towards bottom of tunnel
requires either continuous support for
lower ends of ribs or circular ribs.
Squeezing rock,
moderate depth (1.10 to 2.10)(BfHt) Heavy side pressures, invert struts
Squeezing rock,
great depth (2.10 to 4.50)(BfHt.) required. Circular ribs are recommended.
Swelling rock Up to 250 ft irrespec
tive of value of (B+H|-)
Circular ribs required. In extreme





Table 6 - Estimated Rock Loads for Proposed Straight Creek Tunnel
Station Rock Load Recommended Tunnel Supports
(psf)
39+00 to 40+50 7,800 Rib-and-wall plate type
40+50 to 43+00 7,200 Rlb-and-wall plate type
43+00 to 45+00 2,600 to 7,200 Rib-and-wall plate with liner plates
45+00 to 52+00 0  to 2,600 Light support
52+00 to 62+00 2,600 to 7,200 Rib-and-wall plate (possibly light support)
62+00 to 67+00 27,400 to 58,600 Circular ribs
67+00 to 72+00 4,600 to 14,400 Continuous ribs
72+00 to 75+00 27,400 to 58,600 Circular ribs
75+00 to 79+50 4,600 to 14,400 Rib-and-wall plate or continuous ribs
79+50 to 82+00 27,400 to 58,600 Circular ribs
82+00 to 105+00 4,600 to 14,400 Rib-and-wall plate or continuous ribs
105+00 to 114+00 0  to 3,300 Light support
114+00 to 118+00 4,600 to 14,400 Rib-and-wall plate or continuous ribs
118+00 to 119+40 14,400 to 27,400 Continuous ribs or circular ribs
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Subsurface-Pressure Distribution
In the construction of the Moffat Tunnel, considerable
trouble was attributed to the irregular structural conditions
that existed between the two tunnel bores (p. 16). The author
believes part of this trouble was caused by stress distribution
and stress discontinuities around the tunnel opening, which was
complicated by the presence of faults and shear zones. If the
twin bores of the proposed Straight Creek Tunnel (fig. 39) are
constructed in the same manner, similar construction problems,
i.e., overbreak and caving, are predicted.
Prior to any subsurface excavation, the rock is considered
to be virgin rock, i.e., undisturbed rock in its natural state
of stress. After man-made excavation, the static and residual
stresses in this virgin rock are distributed, and the rock
redistributes the resulting stresses to approach another state
of equilibrium. If the original virgin rock is perfectly
elastic and homogeneous, and is laterally confined by the
pressure caused by the depth of overburden, the value of the
ratio between the horizontal and vertical pressure at a given
point is designated as N and depends exclusively on Poisson's
ratio (Terzaghi, 1962, p. 106). According to Wood (1961,
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Figure 39 - Tangential stress distribution about tunnel cross
sections for similar geologic conditions (N=0.25). Stress
symmetrical about centerline. After Terzaghi and Richart,
1952, p. 64 & 65.
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p. 29), the value of Poisson's ratio for granite varies from
0.09 to 0.20 depending on the grain size and the degree of
alteration. Other characteristics of the granitic rocks
undoubtedly influence this variation, such as variations in
mineral orientation and mineral composition. Thus, the basic
assumption of homogeneous rock material is erroneous and rarely,
if ever, satisfied when dealing with geologic materials.
As defined, N is a dimensionless factor depending on the
ratio of horizontal to vertical pressure. As stated by Terzaghi
(1962, p. 106), the value of Poisson's ratio for most rocks is
approximately 0.20. Substituting this value into N = u/(l-u),
N = 0.25+ = Nq (by definition). The author (Richards) inter
prets this value and symbol to represent the condition of
geologic equilibrium. Based upon strain indicator readings,
the value of N can be approximated in mines and drill holes.
If the value of N is greater than N^, the stress environment
is of a compressional nature, i.e., possibly related to strike-
slip or thrust faulting. If the value of N is less than Nq,
the stress environment is of a tensional nature, i.e., possibly
related to normal faulting. However, the existing geologic
features of an area may not represent the stress conditions
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which exist in the bedrock. This is pointed out by Terzaghi
(1962, p. 106)
The state of stress which prevailed at the
time of the origin of the existing fabric in
any given rock may have been succeeded by a
quite different state of stress which did not
influence the fabric. Therefore, reasonably
reliable information concerning the present
state of stress in virgin rock can be obtained
only by computation on the basis of the results
of the measurements of the existing strains in
several directions, on the simplifying assump
tion that the rock is perfectly elastic and
elastically isptropic.
The faults encountered in the Roberts Tunnel are possibly
related to the Williams Range thrust fault (p. 94). According
to Wahlstrom and Homback (1962, p. 1494-1495), the Williams
Range fault could be indicative of compressional and/or
tensional environment; or relative to the problem of pressure
distribution, the value of N could be greater than or less
than Nq. The origin of the thrust fault could be due to
"lateral movement over a flat thrust plate which gradually
steepens with depth" (the conventional mechanism), and/or due
to "lateral spreading associated with vertical uplift"
(Sanford's mechanism, 1959, p. 46), and/or "vertical uplift
with lateral movements resulting from gravitative adjustments"
(Wahlstrom and Hornback, 1962, p. 1494-1495).
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The area of the proposed Straight Creek Tunnel is situated
in an area that has undergone much structural activity. The
origin of the late Precambrian shear zones and faults are
related to the compressional forces causing wrench faults
(p. 58). In accordance with the proposal of Wahlstrom and
Hornback (1962, p. 1494-1495), the faulting related to the
"Laramide" orogeny and the anticlinal uplift of the Front
Range could be of compressional and/or tensional origin.
Therefore, theoretically, the author is unable to predict how
the value of N will deviate from Nq.
With reference to figure 39, if N is assumed equal to
Nq (0.25+), the tangential stress distribution for the proposed
tunnel design is variable in intensity and has obvious stress
discontinuities and concentrations at the lower corners. This
stress distribution partly may be responsible for the construc
tion trouble of the Moffat Tunnel (p. 16). To reduce the
intensity of construction problems, the author proposes that
the complete tunnel structure be a vertically-oriented ellipse
in which two lanes of westbound and two lanes of eastbound
traffic be located on separate levels.
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The specialized field of residual stresses, pressure
distribution in underground cavities, and the associated rock
mechanics is very important for engineering and also for the
theoretical geologic aspect. By the latter, reference is made
to; 1. just how do rocks deform in the span of geologic time?,
2. are these deformations recorded within the structure of the
rocks?, and 3. if so recorded, then how can they be properly
interpreted by laboratory techniques? Answers to these
questions have been attempted and their proper integration
with associated research is a thesis in itself. For
interested readers, the following have been published:
Knopf & Ingerson (1938), Terzaghi (1945 6e 1962), Terzaghi
and Richart, Jr. (1952), Mindlin (1940), Wuerker (1959),
Morgan (1961), John (1962), Quart. Colorado School of Mines,
V. 52, no. 3, and the other references cited in the
bibliographies of these references.
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APPENDIX
In the text of this thesis, reference has been made to
numbered thin sections (p. 39, 43, and 51) made from rock
specimens of the thesis area. A representative suite of rock
specimens has been incorporated in the Colorado School of Mines
Petrology Reference Collection.
The locations of the specimens taken from the topographic
surface are shown in figure 40> namely PRC 16-1 to PRC 16-36.
PRC 16-37 to PRC 16-44 were taken from various depths of
specimens of core from Drill Hole No. 2 (1962). PRC 16-45 to
PRC 16-55 were taken from various depths of specimens of core
from Drill Hole No. 3 (1962). For specific elevations of
specimens included in this collection, consult the index and
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